Examination of thermal impacts from stormwater BMPs by DiGennaro, Nicholas P
University of New Hampshire
University of New Hampshire Scholars' Repository
Master's Theses and Capstones Student Scholarship
Spring 2010
Examination of thermal impacts from stormwater
BMPs
Nicholas P. DiGennaro
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/thesis
This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has been
accepted for inclusion in Master's Theses and Capstones by an authorized administrator of University of New Hampshire Scholars' Repository. For
more information, please contact nicole.hentz@unh.edu.
Recommended Citation
DiGennaro, Nicholas P., "Examination of thermal impacts from stormwater BMPs" (2010). Master's Theses and Capstones. 542.
https://scholars.unh.edu/thesis/542
EXAMINATION OF THERMAL IMPACTS FROM STORMWATER B M P S 
BY 
NICHOLAS P. DIGENNARO 
B.S., Rochester Institute of Technology, 2008 
THESIS 
Submitted to the University of New Hampshire 
in Partial Fulfillment of 
the Requirements for the Degree of 




UMI Number: 1485422 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 




Copyright 2010 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This thesis has been examined and approved. 
Sis Director, Dr. Robert M. Roseen 
Director UNH Stormwater Center 
Dr. Alison Watts 
Assistant Research Professor of Civil Engineering 
Dr. Thoints P 




This research was supported by funding from the Environmental Protection 
Agency (EPA) Region 1 Total Daily Maximum Daily Load (TMDL) Program through 
the Cooperative Institute for Coastal and Estuarine Environmental Technology 
(CICEET). Additional support was received from the University of New Hampshire. 
I would like to thank my advisor, Dr. Robert Roseen, for all of his support, 
knowledge, experience, and guidance throughout my time as his student. I would also 
like to thank the other members of my thesis committee, Dr. Alison Watts, and Dr. 
Thomas Ballestero, for all of their time and effort they put into my thesis. I would also 
like to thank everyone working at the UNH Stormwater Center, Jamie, Tim, Kris, 
George, Iulia, Ann, and Joel, for providing, brief, but intense working breaks away from 
the Excel spreadsheets that I was absorbed in. I would also like to thank Ralph Abele and 
Alfred Basile from the EPA for their contributions to the project. Many others have 
helped me along the way, making things smoother and easier, including Maddy 
Wasiewski, Kelly Hinton and others from the Environmental Research Group. I am 
grateful to Dr. Jennifer Jacobs and Gary Lemay for providing the natural stream 
temperature data for comparison in my thesis. 
Additionally, I would like to thank all of my friends and fellow graduate students 
for making my experience here enjoyable and even, exciting at times. Finally, my 
family, with which none of this would have been possible, thank you for all your love and 
support over the years. 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS iii 
TABLE OF CONTENTS iv 
LIST OF FIGURES vii 
LIST OF TABLES viii 
LIST OF EQUATIONS viii 
ABSTRACT ix 
CHAPTER 1 1 
EXAMINATION OF THERMAL IMPACTS FROM STORMWATER BMPS 1 
1.2-BACKGROUND 2 
1.3-LITERATURE REVIEW 4 
CHAPTER 2 7 
SITE DESCRIPTION 7 
CHAPTER 3 8 
SYSTEM DESCRIPTIONS 8 
3.1 - RETENTION POND 8 
3.2 - DETENTION POND 9 
3.3-GRAVELWETLAND 10 
3.4 - BlORETENTION 11 
3.5-VEGETATED SWALE 12 
3.6 - HYDRODYNAMIC SEPARATORS 13 
3.7 - ADS INFILTRATION SYSTEM 14 
3.8 -STORMTECH ISOLATOR ROW 15 
CHAPTER 4 17 
MATERIALS AND METHODS 17 
4.1 - SITE DATA COLLECTION 17 
4.2 - DATA ANALYSIS 17 
4.3 - DATA VALIDATION 20 
IV 
CHAPTER 5 18 
RESULTS AND DISCUSSION 18 
5.1 - ANNUAL QUARTILE ASSESSMENT 23 
5.2 - SEASONAL QUARTILE ASSESSMENT 24 
5.3 - TIME SERIES ANALYSIS 26 
5.4 - ANNUAL CUMULATIVE DISTRIBUTION FUNCTIONS 27 
5.5 - SEASONAL CUMULATIVE DISTRIBUTIONS FUNCTIONS 28 
5.6-FREQUENCY DISTRIBUTIONS 29 
5.7-STORMWATER BMP THERMAL LOADING 30 
CHAPTER 6 35 
SUMMARY 35 
6.1 - STORMWATER BMP EVENT MEAN TEMPERATURE 35 
6.2 - NATURAL STREAMS AND MIXING 37 
CHAPTER 7 42 
CONCLUSIONS AND RECOMMENDATIONS 42 
7.1 -CONCLUSIONS 42 
7.2 - FUTURE RESEARCH 43 
REFERENCES 64 
APPENDICES 66 
APPENDIX A 67 
STORM CHARACTERISTICS 67 
APPENDIX B 73 
POROUS ASPHALT 73 
INTRODUCTION 74 
SYSTEM DESCRIPTION 76 
TIME SERIES ANALYSIS 77 
ANNUAL CUMULATIVE DISTRIBUTIONS 77 
SEASONAL CUMULATIVE DISTRIBUTIONS 77 
ANNUAL QUARTILE ASSESSMENT 78 
SEASONAL QUARTILE ASSESSMENT 79 
FREQUENCY DISTRIBUTION 79 
STATISTICAL ANALYSES 84 
V 
APPENDIX C 91 
STORM DISTRIBUTION STATISTICS 91 
APPENDIX D 94 
STORM CHARACTERISTIC STATISTICS 94 
APPENDIX E 107 
MEAN JULY STATISTICS 107 
APPENDIX F 125 
MEDIAN EMT STATISTICS 125 
APPENDIX G 150 
SYSTEM CDF STATISTICS 150 
APPENDIX H 193 
SYSTEM TREATMENT STATISTICS 193 
APPENDIX 1 218 
CALCULATION OF AN EVENT MEAN TEMPERATURE 218 
VI 
LIST OF FIGURES 
Figure 1: Thermal Energy Balance 4 
Figure 2: Monthly Distribution of Storm Events 22 
Figure 3: Distribution of Storm Characteristics for 120 Monitored Storms 20 
Figure 4: Summer Storm Characteristic Correlations 21 
Figure 5: Winter Storm Characteristic Correlations 22 
Figure 6: Cumulative Distribution of Natural Streams 45 
Figure 7: Cumulative Distribution of Natural Streams vs. Stormwater BMPs 45 
Figure 8: 100% Mixing of EMT and Stream 46 
Figure 9: Annual Quartile Distributions for Event Mean Temperatures 47 
Figure 10: Summer Quartile Distributions for Event Mean Temperatures7 47 
Figure 11: Winter Quartile Distributions of Event Mean Temperatures7 47 
Figure 12: Time Series of Event Mean Temperatures 49 
Figure 13: Time Series of Event Mean Temperatures 49 
Figure 14: Time Series of Event Mean Temperatures 50 
Figure 15: Cumulative Distribution Function for Event Mean Temperatures 50 
Figure 16: Cumulative Distribution Function for Event Mean Temperatures 51 
Figure 17: Cumulative Distribution Function for Event Mean Temperatures 51 
Figure 18: Summer Cumulative Distribution Function for Event Mean Temperatures... 52 
Figure 19: Summer Cumulative Distribution Function for Event Mean Temperatures... 53 
Figure 20: Summer Cumulative Distribution Function for Event Mean Temperatures... 53 
Figure 21: Winter Cumulative Distribution Function for Event Mean Temperatures 54 
Figure 22: Winter Cumulative Distribution Function for Event Mean Temperatures 55 
Figure 23: Winter Cumulative Distribution Function for Event Mean Temperatures 55 
Figure 24: Frequency Distribution for Real-Time Temperatures 56 
Figure 25: Frequency Distribution for Real-Time Temperatures 57 
Figure 26: Frequency Distribution for Real-Time Temperatures 57 
Figure 27: Conventional System Treatments (Annual) 58 
Figure 28: LID System Treatments (Annual) 58 
Figure 29: Manufactured Systems Treatment (Annual) 59 
Figure 30: Conventional Systems Treatment (Summer) 60 
Figure 31: LID Systems Treatment (Summer) 60 
Figure 32: Manufactured Systems Treatment (Summer) 61 
Figure 33: Conventional Systems Treatment (Winter) 62 
Figure 34: LID Systems Treatment (Winter) 62 
Figure 35: Manufactured Systems Treatment (Winter) 63 
Figure 36: Time Series Analysis 81 
Figure 37: Cumulative Distribution 81 
Figure 38: Box and Whisker 82 
Figure 39: Frequency Distribution 83 
vn 
LIST OF TABLES 
Table 1: Monthly Distribution of Storm Events, Real and Analyzed 21 
Table 2: KS Test Conclusions 22 
Table 3: Bivariate Analysis Summary 23 
Table 4: T-Test Conclusions 23 
Table 5: Summer Storm Characteristic Correlations 21 
Table 6: Winter Storm Characteristic Correlations 22 
Table 7: TLA Summary 33 
Table 8: Seasonal Rainfall Depths 34 
Table 9: Seasonal TLA 34 
Table 10: CDF Summary 46 
Table 11: Annual Quartile Assessment Summary 48 
Table 12: Summer Quartile Assessment Summary 48 
Table 13: Winter Quartile Assessment Summary 48 
Table 14: Summary Table for Cumulative Distribution Function 52 
Table 15: Summer Summary Table for Cumulative Distribution Function 54 
Table 16: Winter Summary Table for Cumulative Distribution Function 56 
Table 17: Linear Regressions of Annual Treatments 59 
Table 18: Linear Regressions of Summer Treatments 61 
Table 19: Linear Regressions of Winter Treatments 63 
Table 20: Storm Characteristics 68 
Table 21: CDF Summary 82 
Table 22: Box and Whisker Summary 82 
LIST OF EQUATIONS 
Equation 1: Heat Capacity 3 
Equation 2: Event Mean Temperature 19 
Equation 3: Event Thermal Loading Rate 31 
Equation 4: Event Runoff 31 
Equation 5: Average Event Intensity 31 
viii 
ABSTRACT 
EXAMINATION OF THERMAL IMPACTS FROM STORMWATER BMPS 
by 
Nicholas DiGennaro 
University of New Hampshire, May, 2010 
This study presents the examination of 4 years of monitoring of runoff 
temperature for a range of stormwater best management practices (BMPs) in relation to 
established environmental indicators for a study in Durham, NH. Stormwater BMPs 
examined include conventional, Low Impact Development, and manufactured treatment 
designs. Surface systems that are exposed to direct sunlight have been shown to increase 
already elevated summer runoff temperatures, while other systems that provide treatment 
by infiltration and filtration can moderate runoff temperatures by thermal exchange with 
cool subsurface materials. The storm sewer system saw an annual average event mean 
temperature (EMT) greater than the mean groundwater temperature of 47°F that 
commonly feeds coldwater streams (Heath, 1983). The examination of BMPs indicates 
that outflow from the larger surface systems exhibit greater thermal variations and the 
larger subsurface systems exhibit greater thermal buffering, with outflows consistently 
nearly equivalent to groundwater temperatures. 
IX 
CHAPTER 1 
EXAMINATION OF THERMAL IMPACTS FROM STORMWATER BMPS 
1.1 - Introduction 
As urban areas continue to grow, the temperature effects expand along with them. 
The "heat island effect" occurs around urban areas with large, dark impervious surfaces. 
Urban heat islands are considered an issue primarily in the south, but several urban heat 
island mitigation efforts have taken place in the northeast and other cooler climates in the 
United States1. The increase in thermal energy in stormwater runoff is primarily from the 
increasing impervious areas of the surrounding area. Many of the same elements that 
create the heat island are found in the causes for increased stormwater runoff 
temperatures. The impervious surfaces absorb and give off heat creating air and surface 
temperatures that are significantly higher than those of rural areas (Arya 2001). An 
increase in urban areas creates more impervious surfaces (commonly as high as 80-90% 
impervious cover in a developed urban area) resulting in additional surface runoff. The 
combination of these two phenomena creates a larger volume of runoff with increased 
temperatures. Impervious surfaces include building rooftops, roads, parking lots, and 
sidewalks. Impervious surfaces can be generalized as any constructed surface that 
inhibits the infiltration of stormwater runoff (Kieser et al. 2003). The darker the 
impervious surface (asphalt, some roofing materials), when compared to a natural 
1
 The EPA provides a list of states with initiatives to mitigate the heat island effects within and around the 
city of concern, (http://www.epa.gov/heatisland/) 
surface, the greater the heat adsorption from solar radiation. The ratio of the amount of 
solar radiation reflected from a surface to the total solar radiation received by the surface 
is referred to as the albedo, or solar reflectance of the material. Darker surfaces tend to 
have low solar reflectance, as the material has absorbed most of the solar radiation. Fresh 
asphalt for example, has a solar reflectance value of 0.05. A lighter surface, like fresh, 
white Portland cement concrete, has an average solar reflectance of 0.75 (PCA, 2010). 
The surface runoff removes the heat absorbed by the darker impervious surfaces as it 
flows across the surface. This heated runoff flows into the receiving stream, where it 
mixes, and potentially increases the temperature of the stream. The amount of heat 
transferred, and the degree of thermal pollution is of great importance for fisheries 
management. Coldwater fisheries in particular are sensitive to thermal pollution. 
1.2 - Background 
Stormwater Best Management Practices (BMPs) have been primarily used to 
reduce the peak flow of the stormwater runoff rate by some means of storage. Heat is 
considered a pollutant under Section 502(6) of the Clean Water Act. The increased 
summer temperatures of stormwater runoff may have a large impact on streams and cold-
water fisheries. The increase in impervious cover of a watershed was used as a measure 
of pollutants entering a stream and its watershed in a study of the Eagleville Brook 
watershed in Mannsfield, Connecticut. One of the potential causes for the impaired 
stream identified in this study was the elevated stream temperature. The potential source 
of these elevated stream temperatures was reported to be from the increased impervious 
surfaces (CTDEP, 2007). The Energy Independence and Security Act of 2007 (EISA) 
requires all federally funded building projects greater than 5,000 square feet to recreate 
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predevelopment hydrologic conditions, including temperature. Temperature is a very 
important factor in the chemical and biological processes of organisms (Roa Espinosa et 
al. 2003). Certain biological activities, such as reproduction and spawning of organisms 
may be very sensitive to changes in temperature. 
This research is based on the concept that the greater the heat capacity of a 
system, the greater the capability of exchange of thermal energy. 
Equation 1: Heat Capacity 
Cth = m*Cp Cth = heat capacity (J/°C) 
m = mass of the system (kg) 
Cp = specific heat capacity (J/kg°C) 
This research hypothesis is that heat and thermal variations are a function of size 
and the degree of surface exposure of the stormwater BMPs. It should follow that the 
larger surface systems will manifest greater thermal impacts because they are directly 
exposed to ambient air and solar variations. Outflow from subsurface systems should 
exhibit greater thermal buffering because of reduced exposure to air temperature 
variations and because they are insulated from the solar radiation from the ground around 
the system. The degree of influence of a system would be a function of size (heat 
capacity), exposure (heat transfer), and depth (heat insulation). The thermal energy 
balance is depicted in Figure 1 below. The input of thermal energy into the system is 
described as the available solar radiation. Then, within the stormwater BMP, the heat is 
dissipated or added depending on the system characteristics of depth and mass, and the 
exposure to the ambient air conditions. During the day, surface systems are expected to 
gain additional thermal energy, while at night, some of that thermal energy is dissipated 
into the cooler surrounding air. The net loss or gain of thermal energy is then released 
3 
from the system. The resulting output of heat is then a function of available solar 
radiation, time of day, system mass, and system depth. 
Figure 1: Thermal Energy Balance 
Heat Transfer: 
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1.3 - Literature Review 
Summer stormwater runoff temperature has increased because of the increase in 
urban impervious surfaces and in the unshaded ponds and channels that characterize 
conventional stormwater BMP systems (Kieser et al. 2003). In many cases, the 
temperature of the stormwater runoff is increased twice before it even has the chance to 
cool down before it enters the receiving waters. The temperature of the stormwater is 
increased first by contact with impervious surfaces, and then again, in the stormwater 
ponds that hold the stormwater being treated. Kieser, et al (2003) reported temperature 
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equivalent values of 74°F coming off a 79 acre site in Portage Michigan. This was 40°F 
higher than the average air temperature recorded in the study. 
Coldwater ecosystems are susceptible to impacts caused by the increase in 
stormwater runoff temperatures during the summer months. The narrow temperature 
margin at which the coldwater aquatic life can thrive limits the ability of the coldwater 
ecosystem to assimilate these increases of temperatures. Generally, three temperature 
indices are considered for coldwater ecosystems. The lower optimum level is around 45 
degrees Fahrenheit, the upper optimum level is around 65 degrees Fahrenheit, and the 
lethal limit for most coldwater aquatic species hovers just below 80 degrees Fahrenheit 
(Dorava et al. 2003). The range between the upper optimum limit and the lower optimum 
limit is sometimes referred to as the 'optimum zone' where coldwater aquatic life tends to 
thrive. The next zone, commonly known as the 'stress zone', is between the upper 
optimum limit and the lethal limit. The longer the fish and other aquatic life remain in 
the stream water that has reached this temperature range, the more likely the fish will 
become stressed. The coldwater species inhabiting the stream will generally move away 
from areas in the stream that have reached the 'stress zone', if the lethal limit is reached, 
the fish will die, or they will simply not move into that area. However, the entire thermal 
regime should be considered when the health of the stream ecosystem is monitored. The 
natural thermal regime of a stream has a range and frequency of the seasonal highs and 
lows, and plays an important role in the survival, and reproduction, of the aquatic life 
within the stream. The day-to-day changes in stream temperature play a vital role in the 
activity of the aquatic life. The natural differences play a vital role in the activity of 
coldwater species for migration and reproduction (Macri 2006). It may be less important 
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to maintain a constant outflow temperature for a stormwater BMP, than to maintain the 
natural balance of temperature and flow that meets the natural thermal regime of the 
receiving waters. Another factor associated with temperature, and the health of the 
coldwater species, is the relationship between temperature and dissolved oxygen (DO). 
As the temperature of the water increases, the amount of DO decreases. DO is vital in 
the survival and continued growth of many coldwater species. Therefore, while the 
increase in temperature of the coldwater stream can be detrimental to the health of the 
stream itself, it also affects the amount of dissolved oxygen within that stream, affecting 




The study site is located at the University of New Hampshire Stormwater Center 
(UNHSC) field facility. The data in this report reflects events monitored between 2004 
and 2008. The UNHSC is located on the perimeter of a 9-acre (900 parking spaces) 
commuter parking lot at the University of New Hampshire (UNH) in Durham, NH. The 
parking lot, installed in 1996, is standard dense mix asphalt, curbed, and is used to near 
capacity throughout the academic year. Activity is a combination of passenger vehicles, 
and routine bus traffic. The time of concentration is 22 minutes from the most 
hydrological distant point at approximately 1,200 feet, with surface slopes varying 
between 1.5% and 2.5%. The stormwater runoff is collected into 16 catch basins and 
then routed through a system of reinforced concrete pipes (RCP) increasing in sizes as the 
flow moves downstream from 12" to 36". The 16 catch basins are placed approximately 
every 150 feet and are connected in-line with the downstream catch basins. At the head 
of the site, the flow is equally distributed to the eight BMPs connected in a parallel 
configuration to deliver "dirty stormwater" to each device. The site is designed to 
mitigate any significant transmission impacts such as sedimentation from the distribution 
system or routing of the hydrograph. The treated stormwater from each BMP is then fed 
by gravity to a sampling gallery where sampling and flow monitoring is performed 




The following system descriptions describe generically each of the systems 
included in this study, followed, when possible, by the specific design characteristics of 
each system that are found at the UNHSC. The full descriptions of each system can be 
found in the biannual reports of the UNHSC2. 
The design volumes used in sizing stormwater BMPs include the water quality 
volume (WQv) which is equivalent to the runoff volume of one inch of rainfall over the 
drainage area. The channel protection volume (CPv), is equivalent to the runoff volume 
generated by the 2-year, 24-hour rainfall event, also referred to as the Q2. The third 
design volume, the conveyance protection volume, (Qp) is equivalent to the runoff 
volume generated by the 10-year, 24-hour rainfall event, and is often referred to as the 
Q10. 
3.1 - Retention Pond 
Retention ponds, or "wet ponds," are among the most common stormwater 
treatment systems used today. They are not to be confused with detention basins or "dry 
basins," which hold runoff for a specified period, and then release the entire volume of 
the runoff. Retention ponds retain a resident pool of standing water, intended to improve 
2UNHSC 2005 Biannual Report http://www.unh.edu/erg/cstev/pubs_specs_info/annual_data_report_06.pdf 
UNHSC 2007 Biannual Report http://www.unh.edu/erg/cstev/2007_stormwater_annual_report.pdf 
UNHSC 2009 Biannual Report http://www.unh.edu/erg/cstev/pubs_specs_info/2009_unhsc_report.pdf 
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water quality between storms. Retention ponds demonstrate a reasonably strong water 
quality treatment, particularly in comparison to dry pond systems, which is consistent 
with the findings of the EPA's 1993 National Urban Runoff Program (NURP) studies. 
However, lack of maintenance often leads to reduced treatment performance and gradual 
erosion within the system for large flows. 
The retention pond tested at the UNHSC is comprised of a sedimentation forebay 
and a larger basin sized to hold a resident pool of water. It was installed below the water 
table and thereby maintains a permanent pool of water. The clay soil, effectively acts as 
a lining for the system. Side slopes were stabilized with grass and spillways with stone 
and geotextile. 
In general, retention ponds can be designed either above or below the 
groundwater table. Ponds are commonly designed for both aesthetic and habitat function. 
The system is designed to treat the water quality volume (WQv), and the channel 
protection volumes (CPv) are conveyed through the system within 24 to 48 hours. 
During conveyance protection volume (Qp) rain events, stormwater is conveyed through 
the system, and bypasses the water quality treatment process 
3.2 - Detention Pond 
Detention basins or "dry basins," hold runoff for a specified period of time, then 
release the entire volume of the runoff. Similarly, to the retention ponds, a lack of 
maintenance often leads to reduced treatment performance and gradual erosion within the 
system during large flows. 
The detention pond tested at the UNHSC is comprised of a sedimentation forebay 
and a larger basin sized to the hold the water quality volume (WQv). It was installed in 
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clay soil, which effectively acts as a lining for the system. Side slopes were stabilized 
with grass, and spillways with stone and geotextile. 
Detention ponds are commonly designed for both aesthetic and habitat function. 
The detention pond at the UNHSC is a revision of the retention pond previously in place 
at the site. 
The system is designed to treat the water quality volume. Channel protection 
volumes (CPv) are conveyed through the system within 24 to 48 hours. During 
conveyance protection volume (Qp) rain events, stormwater is conveyed through the 
system, and bypasses the water quality treatment process. 
3.3 - Gravel Wetland 
The subsurface gravel wetland is a recent innovation in Low Impact Development 
(LID) stormwater design. It approximates the look and function of a natural wetland, 
effectively removing sediments and other pollutants commonly found in runoff, while 
enhancing the visual appeal of the landscape. The subsurface wetland evaluated at 
UNHSC is a horizontal-flow filtration system that should not be confused with other 
surface flow stormwater wetlands that function more like ponds. Instead, it relies on a 
dense root mat, crushed stone, and a microbe rich environment to treat water quality. 
Like other filtration systems, it demonstrates a tremendous capacity to reduce peak flow 
and improve water quality. 
This subsurface gravel wetland was designed by the UNHSC. Its rectangular 
footprint occupies 5,450 square feet and can accommodate runoff from up to one acre of 
impervious surface. It includes a pretreatment sedimentation forebay that preserves the 
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filter media, followed by two flow-through treatment basins. (Other pretreatment 
approaches may be used.) 
Each treatment basin is topped with eight inches of wetland soil. The clay soil, in 
which the subsurface gravel wetland was constructed, acts as a liner. The sides of the 
system were lined with geotextile to prevent the clay soil from invading the subsurface 
gravel wetland. Gravel wetlands depend on horizontal filtration; however, trenches to 
promote infiltration (downward flow) can be incorporated at the end of the system. 
The subsurface gravel wetland is designed to retain and filter the water quality 
volume (WQv) retaining 10 percent in the forebay and 45 percent in each treatment basin. 
It can detain a channel protection volume (CPv) of 4,600 cubic feet, and release it over 24 
to 48 hours. The conveyance protection volume (Qp) is bypassed. For small, frequent 
storms, each treatment basin filters 100 percent of the influent it receives. For larger 
storms that do not exceed design volume, stormwater bypasses the first treatment basin 
and is processed by the second. When storms exceed the design volume, the first inch of 
rain (first flush) is treated, while the excess is routed to conveyance structures or 
receiving waters. 
Since standing water of significant depth is not expected, except during heavy 
rains, the side slopes of the system are graded as flat as the constraints of the site would 
allow, facilitating maintenance. With the exception of the forebay, the wetland hosts a 
healthy, diverse mix of native wetland grasses, reeds, herbaceous plants, and shrubs. 
3.4 - Bioretention 
Bioretention systems are among the most common LID stormwater approaches. 
Runoff flows into landscaped depressions, where it ponds and infiltrates the soil. The 
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engineered soil mix and vegetation provide water quality treatment and infiltration 
similar to undeveloped areas. The UNHSC has evaluated four such systems. The first 
initially displayed strong performance and then experienced hydraulic failure after ten 
months due to design flaws. In 2005, UNHSC installed the current bioretention system, a 
smaller, more affordable system that addressed these flaws, and thus far, demonstrates 
better infiltration and strong water quality treatment. 
The bioretention system is comprised of a sedimentation forebay and a 
bioretention filtration basin. The basin is filled with a bioretention soil mix (BSM) 30 
inches in thickness, and consisting of 60 percent sand, 20 percent woodchips, ten percent 
compost, and 10 percent native soil. The filtration basin is well vegetated. Vegetation 
was selected for flood and drought tolerance, the capacity for maximum ground cover, 
and aesthetics. 
3.5 - Vegetated Swale 
Vegetated, dry, wet, or stone-lined—stormwater swales are open, channel-like 
structures that are used to convey stormwater runoff. The vegetated swale evaluated at 
the UNHSC should not be confused with the more complex "water quality swales," or 
"bioswales," which are often designed with modified soils and sub drains. It is a 
trapezoidal channel designed for minimal slope and maximum permissible flow velocity. 
Its ability to remove pollutants is modest at best, and is vulnerable to large, high-velocity 
storm flows. 
Swales are easy to design and build. They can be rock-lined or vegetated, broad 
or narrow, curving or linear, natural or engineered. Vegetated swales are generally 
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designed with a trapezoidal or parabolic shape to accommodate large fluctuations in the 
flow of stormwater runoff and to maximize surface contact areas. 
Dense vegetation is the key to a swale's stabilization and function, yet it is often 
not established until years after the construction is complete. This lag is common, and 
results from the fact that dense root mats may take up to three months to develop 
depending on the local growing season, a requirement that often is not accommodated by 
construction calendars. 
Typically, state design criteria for all swales, including those that are vegetated, 
specifies slopes of less than one percent, and flow velocities of less than one foot per 
second for Qp and lower flows. Other common sizing criteria, such as water quality 
volume (WQv), channel protection volume (CPv), and conveyance protection volume 
(Qp), were not used in the design of this system at the UNHSC. 
3.6 - Hydrodynamic Separators 
Hydrodynamic separators (HDS) are small, flow-through devices that remove 
sediment, trap debris, and separate floating oils from runoff. UNHSC evaluated four 
HDS designs from 2004 through 2006: the VortSentry, the Continuous Deflection 
Separator (CDS), the V2B1, and the Aqua-Swirl. While their proprietary designs vary, 
they all primarily rely on swirl action and particle settling to remove pollutants. 
The design and specification of HDS devices varies, and is performed by the 
manufacturer in accordance with local watershed conditions and target water quality 
treatment objectives. Often, these systems are designed to replace or retrofit existing 
catch basins. 
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Typically, HDS devices consist of a chamber that is configured for tangential 
flow, meaning that stormwater either enters the device through an eccentrically located 
inlet or to vanes that create a rotational flow to enhance particle settling. Many also 
contain a flow partition to minimize sediment re-suspension during times when flow rates 
exceed the design target. 
Typically, HDS devices are equipped with a baffled outlet to remove floating 
debris, oil, and grease in stormwater runoff. To prevent the re-suspension of captured 
solids during times of high flow volume, some manufacturers have adapted HDS designs 
to include internal, online bypasses. When appropriate, these systems also can be 
outfitted with external, offline bypasses so that high flows can bypass the system 
completely. 
3.7 - ADS Infiltration System 
The subsurface Advanced Drainage Systems (ADS) Infiltration System has 
demonstrated a strong water quality treatment performance and a tremendous capacity to 
reduce peak flows. It should be noted that the design tested at the UNHSC is distinctive 
in its use of coarse sand for a reservoir base and filter course, a refinement that enhances 
its effectiveness in treating water quality. 
The ADS Infiltration System is an infiltration unit (IU) that performs much like a 
leach field. The unit is made of high-density polyethylene (HDPE) pipe and is designed 
to bear loads consistent with those experienced by parking lots. The system manufacturer 
in accordance with local watershed conditions and target treatment objectives performs 
the design. 
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The IU consists of three, 40-foot sections of 48-inch diameter, perforated HDPE 
pipe, laid over an infiltration base composed of two feet of bank run gravel. The top and 
sides of the excavation are wrapped in non-woven geotextile to protect the system from 
the lateral migration of fine particles from the surrounding soil. The bottom of the 
treatment unit is not lined, to prevent premature clogging of the system from fines caught 
in the liner, carried by runoff. 
Stormwater flows of one cubic foot per second (cfs) enter the IU. Flows 
exceeding one cfs flow directly into the IU. During channel protection volume (Q2) 
events, stormwater fills the IU, which typically drains over a 24- to 48- hour period. 
During ten-a year (Q10) event, stormwater fills the IU, and then discharges directly to the 
surface, largely bypassing treatment. 
3.8 - StormTech Isolator Row 
The StormTech Isolator Row is a manufactured system designed to provide 
subsurface water quality treatment and easy access for maintenance. It is typically used 
to remove pollution from runoff before it flows into unlined infiltration chambers 
designed for detention and water quantity control. The Isolator Row consists of a series 
of StormTech chambers installed over a layer of woven geotextile, which sits on a 
crushed stone infiltration bed surrounded with filter fabric. The bed is directly connected 
to an upstream manhole for maintenance access and large storm bypass. 
The StormTech Isolator Row is designed to provide subsurface water quality 
treatment for small storms. The manufacturer adapts the system's design in accordance 
with local watershed conditions and target treatment objectives. 
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Chamber units are made of high-density polyethylene (HDPE) pipe and are 
designed to bear loads consistent with those experienced by parking lots. The UNHSC 
chamber dimensions are 51 x 30 x 85.4 inches (width x height x length) and are laid over 
woven geotextile, which rests on an infiltration base composed of one foot of three 
quarter inch crushed stone. The entire excavation is then wrapped in nonwoven 
geotextile to protect the system from the migration of fine particles from the surrounding 
soil. 
Stormwater flows of up to one cubic foot per second (cfs) enter the system 
through an upstream manhole or other flow diverter. A bypass is incorporated in the 
StormTech system where flows exceeding the design rate are bypassed around the device 
and flow directly into adjacent chambers that can be sized to treat the CPv and Qp. 
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CHAPTER 4 
MATERIALS AND METHODS 
4.1 - Site Data Collection 
Data has been collected at the UNHSC field research facility since 2004. Because 
systems are periodically changed, the length of record for each system ranges from 2 
years and up. Real-time sample monitoring occurred at the entrance and exit of each 
BMP and was performed using a YSI Model 600XL multi-parameter sonde, recording 
pH, temperature, dissolved oxygen, and conductivity at 5 minute regular intervals. The 
real-time data for eight different BMPs include bioretention, tree filter, gravel wetland, 
swale, stormwater ponds, porous asphalt, hydrodynamic separators, and subsurface 
infiltration systems. This study focuses on a few selected systems, retention pond, 
detention pond, gravel wetland, bioretention, vegetated swale, hydrodynamic separators, 
and two subsurface infiltration units. All data has been collected in accordance with the 
site QAPP (UNHSC Roseen et al 2008). 
4.2 - Data Analysis 
A compilation of the data for this study was selected over 4 years (2005-2008), 
and has resulted in a database with over 40 million data points. 
For this research, data selection was based upon the examination of the storm 
hydrograph; specifically hydrographs that were bounded by baseline flows. Data 
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recorded during storm flows were selected because this research is focused on the effects 
of the temperature of stormwater runoff. On average, four base line flow data points 
were selected before and after each storm to avoid cutting the storm short. Base line flow 
was defined as the base flow of the system, or zero prior to the start of the storm. The 
start of the storm began at the first increase in flow and ended when the flow receded to 
the base line flow criteria. The storms selected were based off the storms that the 
UNHSC sampled for other water quality concerns, and the storm occurring at least 1.5 
days after the site-sampled storm. For example, a storm was selected by the UNHSC for 
sampling, and further analysis, this storm would be called "Storm 1," the next UNHSC 
sampled storm would be called "Storm 2", but if a storm occurred at least 1.5 days after 
Storm 1, but ended 1.5 days before Storm 2, it would be called "Storm la". Therefore, in 
a perfect year, each Storm #, would be followed be a Storm #a. These storms were 
selected to describe the storms of any given year. The storms sampled by the UNHSC 
were chosen to further explain the water quality concerns of those storms, and the second 
set of storms, the storms following the site-sampled storms, were chosen to strengthen the 
data set. This method was chosen to make sure variability and randomness remained 
intact so as not to be biased towards large or small storms and was verified by performing 
statistical tests described in the following section. On average, the site-sampled storms 
and the storms immediately after had one and a half antecedent dry days (Table 20). 
Storm data was gathered by analysis of both hydrograph and tabular data sets. Additional 
data was selected if another storm occurred less than 1.5 days after the end of the 
previous storm. Nonzero data, which appear as gaps in the data, resulting from 
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instrument malfunction, loss of power to the equipment, or other issues, was determined 
and eliminated before analyzing the datasets. 
The flow-weighted temperature for each storm was calculated as the event mean 
temperature (EMT) (Deletic 1998, Kieser et al 2003). The event mean temperature is 
congruous to the event mean concentrations (EMCs) calculated for other stormwater 
pollutants, which are widely used in the performance monitoring of stormwater BMPs. 
EMTs were determined for approximately 24 storms for eight systems. 
Equation 2: Event Mean Temperature 
EMT = event mean temperature (°F) 
r , . , , , T = Flow Duration (min) 
J ' («M*)«f
 t(t) = Flow Temperature (°F) 
EMT = £j q(t) = Flow (gpm) 
\q{t)dt 
o 
This research employed statistical methods consistent with data analysis by the 
International Stormwater BMP Database. Each BMP study in the Database contains a 
Detailed Statistical Analysis Report for each monitored parameter to provide guidance 
about the efficiency of the practice. The descriptive statistics used to represent this data 
include 1) cumulative distribution functions, 2) time series analysis, 3) quartile 
assessments of the EMTs, and 4) the frequency distributions of the real-time temperatures 
of the storms for each system. The cumulative distribution functions, time series 
analyses, and quartile assessments were used to describe the EMTs of each system, and to 
compare them to that of the runoff. The frequency distribution describes the real-time 
storm data, focusing on the temperatures recorded during each selected storm event. The 
cumulative distribution function describes the non-exceedance probabilities of a certain 
value to occur. For example, the runoff has a 69% probability of not exceeding an EMT 
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of 60°F. A time series analysis of the data can show trends and seasonality of the data. 
Quartile assessment illustrates the population differences by use of spread, skewness, and 
potential outliers without performing an analysis of the normalcy of distribution. The 
frequency distribution is used to show the range and frequency of the real-time 
temperatures (non-flow weighted), and illustrates the seasonality of the temperatures. 
Other, non-statistical methods were also employed to analyze the thermal impacts of the 
stormwater BMPs. As mentioned before, the mean July temperature of coldwater 
streams is often used by regulatory agencies to determine the health of the stream. The 
mean July temperatures of each system analyzed were calculated using the real-time 
temperature data. The second non-statistical method used was the calculation of a 
thermal load from each stormwater BMP, for each storm. The calculation of the thermal 
loading for each system is described further on in this report. This metric is intended to 
be used as a design tool to determine the effluent requirements of the chosen stormwater 
BMP. 
4.3 - Data Validation 
Statistical analysis of the frequency of storms per month was completed to 
determine if the trend and distribution of the sample data set was consistent with the trend 
and distribution of the full data set. 
To do this, the number of storms sampled in each month over the four-year period 
of study, were counted, and combined. For example, in January, there were seven storms 
sampled, over the course of the four-year period of study, one from 2005, and two each 
from 2006, 2007, and 2008. This summation of storm counts was completed for each 
month, and a distribution of storms over a 12-month period was created. 
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The full data set was created with the hourly precipitation data from the Kingman 
Farm NCDC/NOAA data set. The beginning and end of every storm was selected based 
upon the same criteria as the storms selected at the site, with roughly 1.5 days between 
rain events. As with the sample data set, the number of storms in each month over the 
course of the four-year period of study was summarized to create a distribution (Table 1). 




































































The storm counts for each month are normalized for statistical analysis. The 
means and medians of the two data sets were too different for direct comparison. 
Normalizing the data sets by dividing the number of storms each month by the total 
number of storms, allows a dimensionless, normalized, comparison of the magnitudes 
without losing the integrity of the datasets. 
After normalizing the datasets, a two-sample Kolmogorov-Smirnov test (KS test) 
was done to determine if the two distributions were different from one another. The null 
hypothesis of these tests was that the two datasets came from the same distribution. 
Using the Dataplot™ software provided by the National Institute of Standards and 
Technology (NIST), the KS test accepted the null hypothesis. Therefore, the distribution 
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of the storms selected for this research, was the same as the distribution of all the 
naturally occurring storms from 2004 through 2008. 
NIST-Dataplot™ 2-SampleKolmogorov-Smirnov Test 
Null Hypothesis Ho: Two samples come from the same (unspecified) distribution. 
Alternate Hypothesis HA: Two samples come from different distributions 
Sample: 
Number of Observations for Sample 1 = 12 
Number of Observations for Sample 2 = 12 
Test: Kolmogorov-Smirnov Test Statistic; D = 0.25 













A Student's T-test was performed to determine if the trends of the two datasets 
were different from one another. The null hypothesis was that the slope for the FARM 
dataset is the same as the slope for the SITE dataset. The slopes of the distributions 
represent the trend of the number of storms over the course of the years. 
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A regression analysis was performed for each dataset, resulting in some basic 
statistics, including the Standard Error of the slope. 
















Calculating the t-statistic: h -b1 _ _ Li , „2 
t = — Sb,-b2 - V^*! "t"A*2 
bi = slope of SITE data = 0.2937 
b2 = slope of FARM data =0.1399 
$bx - b 2 = standard error of the difference between the slopes 
^6, = standard error of SITE slope 
S, = standard error of FARM slope 
b2 
Ho: bi = b2 
H A : b i^b 2 t = 0.43166 













After completing the t-test on the slopes, or trends, of the distributions, it can be 
concluded that the slope of the distribution of the storms selected each month for this 
research, was the same as the slope of the distribution of the storms naturally occurring 
from 2005 through 2008. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
Effluent event mean temperatures for eight stormwater best management practices 
were compared to the event mean temperatures from a stormwater distribution system of 
the storms from 2004 through 2008. The influent flow and temperature data was 
measured at a common point to all of the stormwater BMPs (Runoff). The effluents of 
three distinctly different types of stormwater BMPs were analyzed, conventional systems 
(consisting of Detention Pond, Retention Pond, and Vegetated Swale); low impact 
development systems (consisting of Gravel Wetland, and Bioretention); and 
manufactured devices (consisting of Hydrodynamic Separators, ADS Infiltration System, 
and StormTech Isolator Row). 
The data, when applicable, is presented in two ways. First, an annual summary of 
the data analysis is discussed to illustrate the system in its entirety. This type of analysis 
is useful when determining the average annual effect the system has on the thermal 
energy of the stormwater. However, this analysis is not able to demonstrate the 
effectiveness of the stormwater BMPs during the seasons. For example, the median and 
mean of the average annual EMT will be muted when compared to that of the summer 
months, and the opposite could be true during the winter months. This issue of 
seasonality of the data is discussed in the following sections. The seasons were chosen 
by dividing the year into two equal sections. The summer months are the six months in 
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the middle of the calendar year, April through September. While the winter months are 
chosen as the first three and the last three months of the year, October through March. 
The seasons are not chosen based on the wannest and coldest months, but chosen to 
divide evenly, the year into two separate seasons. 
In addition to comparing the EMTs of each system to that of the runoff, the EMTs 
of the systems are compared to temperature data collected at several streams in the 
southeast region of New Hampshire. These streams include College Brook, Wednesday 
Hill Brook, and an upstream section of the Oyster River. The temperature data collected 
from each stream ranges in dates from December 2007 through January 2010. So while, 
this cannot be a direct comparison, because 1) it is a comparison of EMTs to real-time 
stream temperatures, and 2) the time of record differs for the streams and the storm water 
BMPs, it can still be used as an indication of how the stormwater BMPs are performing 
with relation to these natural streams. 
In Figure 3 below, the storm characteristics are described as a quartile assessment. 
The storm characteristics chosen were, storm duration, antecedent dry days, peak rainfall 
intensity, rainfall depth, peak flow, and peak water temperature of the runoff. A more 
detailed table of the storm characteristics can be found in Appendix A. A regression 
analysis was performed with ANOVA for four of the storm characteristics, storm 
duration, peak intensity, rainfall depth, and peak temperature. The analysis was done for 
the summer months, and then repeated for the winter months. The summer months, 
shown in Figure 4, identify the storm duration, rainfall depth, and peak temperature, as 
significant factors, individually, during the summer months. During the winter months, 
only the rainfall depth and the peak temperatures are individually, significant factors. 
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The storm duration is no longer a significant factor affecting the EMTs during the winter 
months. 
Individually during the summer months, storm duration, rainfall depth, and peak 
temperatures are the most significant factors affecting the EMT of the runoff. However, 
when analyzed collectively, only the storm duration, and the peak temperature are 
significantly affecting the EMT of the runoff. During the winter months however, the 
same factors that are individually significant, are also collectively significant. During the 
winter, rainfall depth and peak temperature are the storm characteristics found to affect 
the EMT significantly (see Appendix D). 
i 
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 Storm Characteristic Key: the mean and 95% C.I. are shown as the diamond on the right hand side of each 
figure; the standard deviation about the mean is shown as the dashed lines above and below the mean 
diamond; outliers are shown as * or + above the quartile plot; maximum and minimum values are 
represented by the top and bottom of the vertical line centered on the quartile plot; the 25 and 75 
percentiles are represented as the top and bottom of the quartile "box"; the upper and lower bounds of the 
95% C.I. about the median is shown as the points of indentation in the quartile "box"; and the median is the 
horizontal line within the quartile "box" where the upper and lower bounds of the 95% C.I. about the mean 
intersect. 
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Figure 5: Winter Storm Characteristic Correlations - L i n e a r F i t 
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5.1 - Annual Quartile Assessment 
Examination of the EMTs by annual quartiles (Figure 9, Table 11) shows that the 
median runoff value of 52.4°F, (41.8°Fqi, 66.0°Fq3)4 is highly variable. The maximum 
and minimum values of 75.4°F and 33.3°F respectively, emphasize this point. 
When comparing the values of the Detention Pond to the Runoff, it is evident that 
the medians are approximately the same, indicating a negligible change in EMTs. The 
annual median Detention Pond EMT is 52.8°F (35.8°Fqi, 67.6°Fq3) while the Retention 
Pond has an annual median EMT of 48.1°F (37.1°Fql, 64.6°Fq3). The Retention Pond also 
has, both the lowest and highest measured EMT. From this data, the practice of 
maintaining a permanent pool of water to mitigate stormwater runoff effects has a 
counterproductive impact on the EMT of the stormwater in the basin. The Retention 
Pond, even with a lower median EMT, shows the highest EMT of all the systems. The 
EMTs of the Vegetated Swale followed fairly close to the hypothesis of the surface 
systems. The median Vegetated Swale EMT was 57.3°F (43.2°Fqi, 65.9°Fq3) While the 
maximum value does not reach quite as high as the values from the two ponds, the 
median value of the Vegetated Swale is the highest value calculated for any of the 
systems. This is most likely the result of the exposure of the stormwater to the variations 
in solar radiation and the location of the Vegetated Swale above ground, which does not 
allow for as much buffering of the temperatures, as a system with similar mass, located 
further underground. 
The Gravel Wetland EMTs support the second hypothesis that the larger 
subsurface systems would have a greater thermal buffering. The median Gravel Wetland 
4
 EMT values reported within parentheses are, ql = the first quartile or the 25th percentile, q3 = the third 
quartile or the 75th percentile. This reporting style follows throughout the annual and seasonal quartile 
assessments. 
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EMT was 47.3°F (36.5°Fqi, 60.3°Fq3) which, is lower than either the Runoff or the Pond. 
The Gravel Wetland has a smaller spread of EMTs falling into the interquartile range 
than the Runoff, indicating the buffering of runoff temperatures. The Bioretention 
system also supports the second assumption of the hypothesis, with a median 
Bioretention EMT of 51.8°F (38.5°Fq), 64.1°Fq3) shows less variability, and lower 
maximum EMTs than the Runoff. 
The Hydrodynamic Separators (HDS) EMTs were similar to the Vegetated Swale 
and did not appear to provide much buffering of the stormwater runoff temperatures. 
With a median EMT of 56.6°F (39.3°Fqi, 66.8°Fq3), the HDS systems had higher EMTs 
and large variations similar to the Runoff. The two manufactured subsurface infiltration 
units, the ADS Infiltration System (ADS), and the StormTech Isolator Row (STIR), 
showed less variability than the Runoff EMTs, in similar fashion to the Gravel Wetland 
EMTs. 
5.2 - Seasonal Quartile Assessment 
The data was also analyzed as seasonal data sets to examine trends in summer and 
winter. The Runoff during the summer months (Figure 10, Table 12) shows a median 
EMT of 66.2°F (54.2°Fqi, 70.2°Fq3). During the winter months, (Figure 11, Table 13) the 
Runoff shows a median EMT of 42.5°F, (38.0°Fqi, 52.5°Fq3). Comparing these values to 
the annual values described earlier, it is apparent that the annual statistics do not have the 
ability to illustrate seasonal trends. 
During the summer months, the Detention Pond has a smaller variation in EMT 
than the Retention Pond, which implies that the permanent pool of water in the Retention 
Pond is increasing temperatures of the stormwater while it passes through the system. 
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The thermal energy balance of a system (Figure 1) can explain this effect, where the 
variables that allow for heat transfer, surface exposure, the system mass, and the system 
depth are no longer adequate to mitigate the runoff temperatures. The Vegetated Swale, 
as stated previously, acts much like the Detention Pond, showing little to no buffering of 
the stormwater temperature from the Runoff. 
The summer data for the Gravel Wetland has a median EMT of 60.9°F (48.8°Fq,, 
66.0°Fq3). The lower first quartile implies that the Gravel Wetland is buffering the 
temperature from the Runoff during the summer months. The Bioretention system has a 
summer median EMT of 63.9°F (56.3°Fqi, 67.1°Fq3) and demonstrates a similar, but 
reduced buffering trend, visible when the Bioretention is compared to the Retention and 
Detention ponds. 
The HDS systems follow a similar trend as the Runoff data, with the exception of 
the first quartile, which is higher than the Runoff and approaching the UOL for coldwater 
streams. Both subsurface infiltration systems show a strong ability to buffer and mitigate 
the thermal energy of the influent stormwater runoff before it discharges to the receiving 
waters. The STIR had a median summer EMT lower than either the Gravel Wetland or 
the ADS system; the STIR also has a slightly smaller interquartile range 53.7°F (46.7°Fqi, 
59.4°Fq3). All of these EMTs fall within the optimal zone for coldwater streams. 
The winter data for the Retention Pond has a median EMT of 39.0°F (33.9°Fqi, 
47.2°Fq3), while the Detention Pond shows a median EMT of 38.7°F ( 3 3 . 3 % , 50.4°Fq3). 
Contrasting the conclusions made from the summer data, the Detention Pond has a larger 
variation in stormwater temperatures than the Retention Pond, which implies that the 
permanent pool of water in the Retention Pond is cooler than the influent stormwater. 
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The data for the Gravel Wetland and the Bioretention show similar trends during the 
winter months, both systems having medians and first quartile values well below the 
lower optimum limit 
The winter data for the ADS system has a median EMT of 42.5°F (47.2°Fqi, 
53.9°Fq3) showing that the ADS system is better than the Gravel Wetland buffering and 
mitigating the colder influent stormwater runoff during the winter months. The STIR 
system has a median winter EMT lower than either the Gravel Wetland or the ADS 
system. At 40.4°F (38.5°Fqi, 48.7°Fq3) these cooler numbers appear similar to the HDS 
systems, and show that the STIR is doing less to buffer the temperature of the stormwater 
runoff during the winter months. 
5.3 - Time Series Analysis 
The data shown in the time series plots, (Figures 12, 13, and 14) show the yearly 
and seasonal trends in the EMTs for the Runoff data. The yearly trends appear to be 
consistent over the course of the four years of record. The EMTs never exceeding the 
76°F mark, the threshold for the 'stress zone' of coldwater aquatic life. The data from the 
Retention Pond also shows the same trends, but in the summer months, EMTs exceed 
80°F in at least one storm showing an additional increase in the temperature of the 
stormwater runoff while it is within the Retention Pond. During the summer months, 
April to September, the EMT of the Retention Pond is greater than that of the Runoff. 
This observation coincides with Galli (1990) who suggested that the runoff from 
urbanized areas during the summer months provided large temperature variations to 
ponds and subsequently to the receiving waters. The Detention Pond and the Vegetated 
Swale follow a similar pattern as the Runoff EMTs, with occasional differences, 
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suggesting that these two systems neither buffer nor increase the temperatures of the 
stormwater. The Gravel Wetland data shows a smoother curve, indicating buffering of 
the temperature. While the Bioretention closely follows the pattern of the Gravel 
Wetland there are more spikes in the EMTs over the 4 years of record, indicating that the 
system is not buffering the temperature of the stormwater as efficiently as the Gravel 
Wetland. The HDS systems show the same pattern as the Runoff, with the large spikes in 
EMTs, and are warmer than the Runoff during most of the summer months. The HDS 
systems appear to be just as susceptible to air temperature variations as the Runoff or 
stormwater ponds. The two subsurface systems, the ADS, and the STIR, while generally 
cooler than the Runoff throughout the year, still show some substantial spikes in the 
EMTs during the summer months. 
5.4 - Annual Cumulative Distribution Functions 
Temperature indices, while may not in of themselves be the best way to measure 
the health of a coldwater stream ecosystem, but are helpful to determine if certain 
organisms are able to survive. Figures 15, 16, and 17 show the annual cumulative 
distribution functions (CDFs) for the EMTs of the Runoff and the eight systems. The 
exceedance values of the Upper Optimum Level (UOL) of 65°F for the annual 
assessment are shown in Table 14. The only system that exceeds the Lethal Limit of 
80°F is the Retention Pond, (p = 0.5%). The data from Figure 15 interestingly shows that 
the Retention Pond has a tendency towards lower EMT values than the Runoff until about 
70°F. The Detention Pond shows a similar tendency until 65°F. The points where the 
ponds move away from the CDF of the Runoff, potentially indicates the limit of the 
ponds to buffer any additional increase in stormwater runoff temperatures. There is a 
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greater input of thermal energy, than the ponds can handle via heat transfer to the air and 
ground, and the capacity of the mass of the system. Both the subsurface infiltration 
systems are cooler roughly 75% of the time. The subsurface infiltration systems are 
warmer than the Runoff, up until about 40°F, and then are cooler, implying that these 
systems mitigate both hot and cold runoff with a tendency towards the average annual 
groundwater temperature of 47°F (Heath 1983). 
5.5 - Seasonal Cumulative Distributions Functions 
The data is broken into the two six month seasons to examine the effects the 
systems have on the temperature of the stormwater during the warm and cold months of 
the year. Figures 18, 19, and 20 shows the summer CDFs for the EMTs, followed by 
Table 15 show the exceedance values of the systems for the UOL at 65°F for the summer 
months. The CDFs for the winter months below illustrate the probability of an EMT not 
to be exceeded, from which it is shown that during the winter months the EMTs of all the 
systems never exceed the UOL. Table 16 shows the maximum EMTs for each system 
during the winter months. 
In the summer months of April to September, the Detention Pond appears warmer 
than the Runoff; the Vegetated Swale is for the majority of the storms, warmer than the 
Runoff, however, the Retention Pond remains cooler than the Runoff until it reaches the 
70°F mark. The Detention Pond and the Vegetated Swale both reach the UOL at about 
the same exceedance of 65% and 63%; whereas the Retention Pond reaches the UOL at 
44%o exceedance showing the Retention Pond actually buffering the temperature of the 
stormwater runoff more than those two systems at temperatures below 70°F. However, 
the Retention Pond is the only system to get above the Lethal Limit (LL) of 80°F; 
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reinforcing the assumption that the larger surface systems will see greater variations in 
stormwater temperatures during the warmer summer months. The Gravel Wetland was 
always cooler, however, the Bioretention shows some buffering, but is limited to the 
higher temperatures, unlike the entire spectrum seen in the Gravel Wetland with 27% of 
the EMTs above the UOL. The HDS systems predictably, show either no buffering or an 
increase in the temperature of the stormwater runoff. The subsurface infiltration systems 
(ADS and STIR) both show a strong buffering of Runoff temperatures, with 9% and 4% 
of the EMTs above the UOL respectively. 
During the winter months of October through March, both the Retention and 
Detention ponds were always cooler than the Runoff EMTs. The Gravel Wetland and the 
Bioretention systems are also both consistently cooler, showing little moderation of cold 
temperatures. During the winter months, the subsurface infiltration units have warmer 
EMTs towards the lower end of the spectrum, showing their ability to moderate the 
colder temperatures towards the average annual groundwater temperature. 
5.6 - Frequency Distributions 
In Figures 24, 25, and 26, the frequencies of the recorded real-time temperatures 
during the storm events are graphed to display the range of temperatures experienced by 
the systems over the monitoring period. These real-time temperatures are not flow-
weighted and therefore have a wider range of values than the EMTs discussed earlier. 
The Runoff data shows a distribution with a majority of temperatures around 41°F and 
42°F. The remainders of the temperatures appear uniformly distributed. The Retention 
and Detention ponds appear bimodal, with a peak at lower temperatures, which is 
attributed to the freezing temperature of water. The peaks of the systems occurring just 
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slightly above 32°F, with that in mind the ponds show the great variability of 
temperatures assumed in the hypothesis. The Gravel Wetland has a distribution similar to 
that of the Runoff, but with a larger range of temperatures at the lower temperatures. The 
distribution of the Gravel Wetland illustrates a buffering of the higher temperatures from 
the Runoff. The Bioretention and Vegetated Swale have similar distributions, with a 
peak at the lower temperatures, followed by a second peak around the UOL. Neither 
system surpasses the LL of 80°F. The HDS systems appear to have roughly four peaks of 
temperatures showing how the systems experience a range of temperatures, a shorter 
range than the ponds, but at about the same frequencies as the temperatures in that range 
for the ponds. This illustrates the importance of the depth of the system in its ability to 
mitigate the runoff temperatures, rather than increase the runoff temperatures, as the 
ponds appear more likely to do. The ADS system has two large peaks. The first, the 
largest, around 42°F, is very near the annual average groundwater temperature of 47°F, 
showing the ability of the subsurface system to mitigate the runoff temperatures. The 
STIR, as expected, follows along the same lines as the ADS system. With peaks at 
roughly the same places, and explained through the same reasoning. 
5.7 - Stormwater BMP Thermal Loading 
The Event Mean Temperature (EMT) discussed in this paper, is analogous to an 
Event Mean Concentration (EMC) of other typical stormwater pollutants (i.e. TSS, 
Nitrogen, Phosphorous, etc.). EMCs measure and monitor the effectiveness of a 
stormwater system. Total Maximum Daily Loads (TMDLs) are based on an assimilative 
capacity of the receiving waters. A TMDL is the maximum amount of a pollutant that 
can be received by a body of water, while the body of water still meets the water quality 
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criteria given to it. To create TMDLs, an analysis of the watershed of interest is 
performed to determine the loading of the waters' flushing time, and to determine how 
much of a pollutant a water body can accommodate. This loading of a pollutant is 
described in weight or volume per drainage area per time. An estimate of the loading can 
be calculated for the thermal energy associated with the stormwater runoff using an EMT. 
The estimate of the thermal energy is calculated as the thermal load per unit drainage area 
or the Thermal Load per Acre (TLA) for short. The area variable is generally not shown 
in loading values of TMDLs because it is associated with a particular watershed, with a 
given area. This research is intended for use in any watershed, and therefore has the area 
variable remaining in the thermal loading calculation 
Equation 3: Event Thermal Loading Rate 
TLA = (EMT * Re * Cp)/A TLA = Thermal Load per Acre (BTU/(ac*sec)) 
EMT = Event Mean Temperature (°F) 
Re = Event Runoff (ft3/sec) 
Cp = Specific Heat of Water (J/(g*°K)), Cp = 4.18 J/(g*°K) 
A = Drainage Area (acre) 
Equation 4: Event Runoff 
Re = Ie * Pj * Rv * A Re = Event Runoff (ft3/sec) 
Ie = Average Event Intensity (ft/sec) 
Pj = Precipitation Coefficient5, Pj = 0.9 
Rv = Runoff Coefficient6, Rv = 0.92 
A = Drainage area (ft2) 
Equation 5: Average Event Intensity 
Ie = PT / Td Ie = Average Event Intensity (ft/sec) 
PT = Total Precipitation (in) 
Td = Storm Duration (min) 
Conversions: 1.0 Cubic Foot = 28.3 Grams (for water) 
1.0 degrees Fahrenheit = 255.9 degrees Kelvin 
1.0 British Thermal Unit = 1,055.1 Joules 
5
 Pj = fraction of rainfall that produces runoff. 
6
 Rv = function of impervious cover. Rv = 0.05 + 0.9*(Impervious Cover) 
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The steps taken to calculate a TLA for each event is show in the equations above. 
It is a concentration of pollutant (EMT) multiplied by the event volume per time (Re), 
multiplied by the specific heat of water (Cp), divided by the drainage area (A). The event 
volume per time or the event runoff (Re) is calculated using the Simple Method 
(Schueler, 1987) approach, slightly modified. Instead of an annual runoff, and an annual 
precipitation, these values are event specific. Each storm sampled, has a certain total 
precipitation, yielding a specific amount of runoff volume, calculated from the event 
specific rainfall hyetographs. 
The event specific TLAs, described in Table 7, are summarized on an annual 
basis, and broken into two seasons, summer. Perhaps the most applicable number out of 
all of these is the mean summer TLA for each system. The summer months, being the 
warmest, test the limits of the system's ability to handle the thermal loading. For design 
considerations, this number would be most effective in sizing or choosing a stormwater 
treatment device. A more conservative design might use the maximum TLA during the 
summer, but for practical purposes, the mean summer TLA would appear to be sufficient 
for design. 
The TLA could be used across any watershed, to allow the estimation of the 
thermal impact the drainage area will have on a receiving stream after the runoff is 
channeled through the particular stormwater treatment device. The TLAs reported here 
would need to be adjusted according to the size of the stormwater treatment device, the 
larger the system, the more mass it has, the greater its capability to exchange thermal 
energy. The mean summer TLA for a system can be multiplied by the drainage area, 
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resulting in a value of BTU per second. This value could then compare to a regulatory 
standard of the area or receiving streams. 








































































































The event specific TLAs in Table 7 do no follow the same pattern of effectiveness 
that was seen in the analysis of the EMTs. Since the TLAs are calculated on an event 
basis, it is a misrepresentation of the thermal loading from each system. This is because 
not all events are represented by every system, and therefore, it is difficult to compare the 
summarized event specific TLAs. The event specific TLAs are presented here to offer an 
estimation of the thermal loading from each system during an event. 
To calculate a TLA for each system, that is representative of the analysis and 
results of the EMTs, the median EMT of each system was used, in conjunction with the 
total annual rainfall, and seasonal rainfall depths to get direct runoff values. Table 8 
shows the average precipitation for New Hampshire, and the direct runoff, calculated by 
the Simple Method, from the drainage area for this study. The direct runoff numbers for 
each season would replace the event runoff (Re) in Equation 3 to calculate an annual, 
summer, and winter TLA (Table 9). These TLAs follow the results seen in the analysis 
of the EMTs. The STIR system has the lowest summer TLA, followed by the ADS and 
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then the Gravel Wetland. These results show that these systems are discharging the 
lowest amount of thermal energy to the receiving streams during the summer months. 
These systems have the all the positive aspects of the variables associated with the 
thermal energy balance. They are subsurface systems, so they have the depth needed to 
transfer more heat to the ground surrounding them, they are the larger subsurface 
systems, so they have more mass to disperse the heat, and they limit the exposure of the 
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6.1 - Stormwater BMP Event Mean Temperature 
The results of this study demonstrate a range of thermal impacts from stormwater 
BMPs. The large surface systems were shown to have the largest thermal extremes, 
whereas the large subsurface systems were shown to have the greatest thermal buffering. 
The Gravel Wetland has a large surface area, but because of the filtration practices the 
system incorporates to treat the stormwater runoff, the Gravel Wetland has a "deeper" 
footprint than the large surface systems such as the ponds. The permanent pool of water 
in the Retention Pond acts as a heat sink during periods of extreme heat. 
The Gravel Wetland, the ADS, and the STIR, have a strong capacity to act as 
thermal buffers. In addition, the data for these systems also suggest that these subsurface 
systems are, on average, reducing the summer temperatures and increasing the winter 
temperatures of the runoff to near the average groundwater temperature of 47°F. The 
annual comparison of the influent EMTs to the effluent EMTs of the ADS and STIR 
systems (Figure 29) show these systems pivoting about the average groundwater 
temperature. Calculating an intercept of the linear regression lines of the systems to the 
no treatment line reveals the intercept of the ADS to be at 47.3°F and the STIR intercepts 
at 47.5°F. 
35 
The summer EMTs of the two stormwater ponds, Bioretention, Vegetated Swale, 
and HDS systems, indicate that they provide little, to no effect on the runoff temperatures 
(see Appendix G). In contrast, the Gravel Wetland and STIR exhibit an ability to reduce 
runoff temperatures during the summer months. However, the Bioretention, and the 
HDS, as well as the Gravel Wetland, ADS, and STIR systems all have summer mean 
values that fall within the optimal zone for coldwater streams. 
The Retention and Detention ponds appear to have some of the largest extremes 
in EMTs, again, indicating that these systems are producing large variations in the 
temperatures of the stormwater. Other systems showing variability, but not as 
pronounced as the two ponds, are the Vegetated Swale, and the HDS. The STIR also 
shows high values, but did not exceed the values of the runoff during the summer 
months. 
The Retention Pond is the only system to exceed both the UOL and the Lethal 
Limit (LL) of 80°F, however the Detention Pond with a maximum EMT of 79.4°F comes 
very close. The HDS system has a 35.0% chance of exceeding the UOL, which is the 
highest exceedance value for any of the systems. This low non-exceedance value 
indicates that the HDS is not buffering the thermal energy as well as some of the other 
systems. The maximum HDS EMT (75.0°F) is still lower than that of the Runoff, 
Retention Pond, and Detention Pond. Therefore, unlike the ponds, the HDS systems do 
not appear to be increasing the temperature of the stormwater. The ADS and STIR 
systems have the lowest exceedance values of the UOL. At 5.0% for the ADS, and 1.5% 
for the STIR, these values presume to claim that these systems are very unlikely to 
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discharge stormwater to a receiving stream above the upper optimum limit of 65°F for 
coldwater streams. 
The natural thermal regime of a receiving stream is possibly the most important 
metric to compare with the EMTs of the stormwater BMPs. The best method would 
incorporate all of these metrics in determining the impact of the BMP on the receiving 
stream. The mean July temperatures of the systems are all within the stress zone for 
aquatic species, between 65°F and 80°F, with the exception of the two subsurface 
infiltration systems, which fall within the optimum zone of 45°F to 65°F for coldwater 
aquatic species. The mean July temperature of the Gravel Wetland is just above the UOL 
at 66°F, illustrating that the deeper systems of the ADS and STIR systems are able to 
buffer the runoff temperatures more effectively. 
6.2 - Natural Streams and Mixing 
The natural thermal regime of a stream describes the frequency of the seasonal 
highs and lows of the temperatures found within that stream. This concept is important to 
consider when describing the health of a stream. These ranges of temperatures play a 
vital role in the life cycles of the species living within this stream ecosystem; affecting 
such life processes as reproducing, eating, and other basic survival needs. 
Stormwater BMPs, after holding, and treating the runoff, often discharge to a 
nearby water of body, the receiving waters. While mean July temperatures are helpful to 
determine the health of the stream at the extremes, the thermal regime of a stream is 
crucial to the ecosystem health throughout the year. To reduce the impact that runoff has 
on a stream, it may be necessary to design the treatment of the runoff to discharge the 
increased temperature of the runoff to match, as closely as one can, to the natural thermal 
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regime of the receiving waters. Mixing of the effluent of the stormwater BMPs and the 
passing flow of the stream is also an important point. For simplicity, this paper presumes 
a one hundred percent mixing of the effluent and stream flow. 
Three streams are considered in this paper, College Brook, Wednesday Hill 
Brook, and Oyster River. These three streams have been monitored for various water 
quality concerns, including temperature. College Brook is separated into two segments, 
an upstream section, and a downstream section. These streams are presented here to 
illustrate what a natural thermal regime of a cold or cool water stream might look like. 
College Brook is located on the University of New Hampshire (UNH) campus, and 
Wednesday Hill Brook is located a few miles west of the UNH campus, near James 
Farm. The Oyster River is the upper reach of the river, located in southern New 
Hampshire, where it is still a first order stream. 
College Brook upstream has temperatures above 65°F 11% of the time, 
Wednesday Hill Brook exceeds 65°F 3% of the time and Oyster River falls very close to 
College Brook with an exceedance of 14% (Figure 6). As an example, looking at the 
Gravel Wetland, the EMTs exceed the upper optimum limit (UOL) of 65°F 13% of the 
time. Therefore, it could be hypothesized that the Gravel Wetland would be a good fit for 
perhaps College Brook upstream or Oyster River. Finding a system for Wednesday Hill 
Brook, the StormTech Isolator Row, has an exceedance value at 65°F of 1.5%. Slightly 
higher than that of the natural stream, which may have a negative impact, depending on 
the reaction of the aquatic species living within the stream being subjected to cooler 
water, more often. 
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Now looking at the other end of the spectrum, the lower optimum limit (LOL) of 
the streams, College Brook upstream and Oyster River both do not exceed 45°F 45% of 
the time, and Wednesday Hill Brook reaches that same limit at 50%. This LOL is more 
important during the cold winter months, and needs a stormwater BMP that can create 
those same temperatures as often as is seen naturally. Of the systems tested the Gravel 
Wetland and the subsurface infiltration unit, STIR, yielded similar non-exceedance 
values of the LOL. These results indicate that the use of infiltration practices for 
stormwater treatment will be able to create similar thermal regimes as the natural 
systems. 
The monitoring station in the downstream section of College Brook is a first order 
stream, with a drainage area about 740 acres. Impervious cover that accounts for 23% of 
the drainage area, as well as nine upstream road crossings affects the stream. Contrasting 
the impacted College Brook, is Wednesday Hill Brook, which is also a first order stream. 
Wednesday Hill Brook has a drainage area of about 250 acres, of which, only 14% is 
impervious, and has no upstream road crossings. Using these two streams as a lower 
limit, Wednesday Hill Brook, and upper limit, College Brook downstream, applying the 
cumulative distributions of the stormwater BMPs illustrates which systems best fit the 
natural thermal regime of streams falling within this range. In Figure 7, the Gravel 
Wetland, STIR, Detention Pond, and Vegetated Swale are compared to these upper and 
lower limits. Both of the stormwater systems with infiltration fall within the range of the 
two streams while also in the optimum zone for aquatic species. The other two systems 
show trends towards warmer temperatures, beyond the upper limit set by the impacted 
stream. 
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The mean July temperature of College Brook was 66.3°F, statistically different 
from that of Wednesday Hill Brook, with a mean July temperature of 61.2°F (see 
Appendix E). All of the systems have mean July temperatures statistically different from 
both streams. Both the Gravel Wetland and the STIR appear to split the difference 
between the natural thermal regimes of the streams between the LOL and UOL. All of 
the systems have thermal regimes statistically different from Wednesday Hill Brook, with 
only the Detention Pond differing from College Brook. The Vegetated Swale however, 
is, the closest of the remaining three systems to being statistically different from College 
Brook also (see Appendix G). 
To understand how these EMT from the stormwater BMPs effect the temperature 
of the receiving stream, an example of a mixing curve was created (Figure 8). This figure 
assumes that all of the effluent stormwater flow and thermal energy is mixed with the 
stream flow. The different lines represent the amount of effluent flow divided by the 
total resulting flow. For example, if the stormwater BMP was discharging 0.5cfs and the 
stream was discharging 0.5cfs, than the 50% line would be considered. Therefore, if a 
bioretention was discharging 0.5cfs into a stream flowing at 0.5cfs, and the EMT was 
20°F warmer than the dry flow of the channel, then the channel would in essence, 
increase its temperature by 10°F. 
This is a hypothetical exercise, and provides a first order assessment of the impact 
of a stormwater BMP on a natural stream. A more detailed analysis would require 
additional information. Proper monitoring of the point of mixing is required, and then 
development of a model to predict the outcome of the mixing of the thermal loads of the 
effluent discharge and the stream discharge. Detailed modeling is beyond the scope of 
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this report, but is important in understanding how these thermal loads will affect the 
natural thermal regimes of the receiving streams. The assumption of 100% mixing is 
most likely not the case. The mixing of the thermal energy is probably very similar to 
that of other water quality constituent, and is effected by the same variables. Mixing 
could be effected by effluent location, more complete mixing might occur in the riffled 
sections of streams. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 - Conclusions 
The temperature of runoff is affected within the systems by its exposure to the air, 
the depth of the system, and the mass, or size of the system. Exposure of the systems to 
the air, affect the temperature of the stormwater by the variations in solar radiation. 
During the summer months, it is expected to see an increase in stormwater temperatures 
within the systems that have a large surface area. That system also affects the 
temperature by the physical dimensions of its treatment cells. The larger the system is, 
the greater the capability it has to mitigate the temperatures. Additionally, that same 
system, with a large surface area, and a large mass, can further mitigate the runoff 
temperatures the deeper it is. The deeper the system is within the ground, the more cool 
earth the stormwater encounters to mitigate the temperature of the stormwater. 
Therefore, systems, with a small surface footprint, but a large subsurface footprint, will 
be the best systems to mitigate the stormwater temperatures. These systems will be able 
to buffer the warm summer runoff, as well as the cool winter runoff, yielding effluent 
temperatures near the average groundwater temperature. 
A key treatment mechanism of a stormwater BMP is filtration. This mechanism 
allows the runoff to enter the subsurface material where it decreases the warmer 
temperatures, and possibly increases the colder temperatures. Filtration is found in the 
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subsurface systems, listed from least effective to most effective at mitigating runoff 
temperatures; Bioretention, Gravel Wetland, ADS Infiltration System and StormTech 
Isolator Row. The ADS system is the larger, and deeper of the two subsurface infiltration 
systems, but the STIR bypasses the larger flows, and therefore only treats the cooler 
beginning and end of the summer storms. 
Conventional stormwater BMPs that include detaining the stormwater in a pool as 
part of the treatment design are less effective at mitigating the temperature of the runoff 
than the systems that incorporate filtration. These pools of water act as heat sinks during 
the summer months, and mix with the effluent of the conventional systems, increasing the 
runoff temperatures further. Conventional systems are generally not deep systems, as 
they use sedimentation as the primary water treatment mechanism. Stormwater ponds, 
which tend to be large structures, with large surface areas, and treatment volumes above 
ground, are not as capable as the subsurface systems in mitigating the temperature of the 
stormwater runoff. 
7.2 - Future Research 
This data set could be expanded to include all systems monitored at the UNHSC 
site over their respected life spans. Future research and data analysis could further 
explore the connection between BMP correlation of runoff temperatures and changes to 
and mitigation of receiving stream thermal regimes. The information could supplement 
the UNHSC data with data collected for various stream types. This data will be used to 
examine thermal regimes for the various stream types with respect to thermal 
performance characteristics. Such comparisons could include BMP specific temperature 
related thermal impact curves (BTU/Acre/Second) for various stream types. The 
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correlation would be normalized to a specific discharge of a receiving stream such that 
impacts could be scaled for varying stream sizes. 
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Table 10: CDF Summary of Natural Stream vs BMP 
Stream or System 
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College Brook - d/s 

















































*LOL - Lower Optimum Limit 
**UOL - Upper Optimum Limit 
f Values listed for streams are direct temperature measurements, while values for the stormwater BMPs are 
EMTs. 
Figure 8: 100% Mixing of EMT and Stream 
- l o o - r ' ' ' ' i ' i j i i , , j , ,• , , i 
-100 -80 -60 -40 -20 0 20 40 60 80 100 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































E fc 60.0 
=
 H 








A~\ /A 1 
— Runoff Gravel Wetland 
•^— Bioretention 
/ / i li \i\ 1 /#^ YKI 1 
V n |/T / | T|\ J\| i ;/? |^ 
J> J> J> J> J> J> JP J> J> J> ^  ^ „# ^  ^ A? „# ^  „# ,# ,o# ^ ,# .,# 



















/ V V V V ^ 
Date 
49 
Figure 14: Time Series of Event Mean Temperatures 
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Figure 15: Cumulative Distribution Function for Event Mean Temperatures 
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Table 14: Summary Table for Cumulative Distribution Function 
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Figure 18: Summer Cumulative Distribution Function for Event Mean Temperatures 
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Figure 20: Summer Cumulative Distribution Function for Event Mean Temperatures 
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Table 15: Summer Summary Table for Cumulative Distribution Function 
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Figure 23: Winter Cumulative Distribution Function for Event Mean Temperatures 
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Table 16: Winter Summary Table for Cumulative Distribution Function 
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Figure 28: LID System Treatments (Annual) 
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Figure 30: Conventional Systems Treatment (Summer) 
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Figure 33: Conventional Systems Treatment (Winter) 
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Y = -1.53 + 1.0X 
Y = 2.2 + 0.9X 
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Y = 0.2 + 1.0X 
Y = 4.0 + 0.9X 
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The Porous Asphalt data was omitted from the complete report because of 
concerns over the validity of the data gathered. EMTs calculated from storms occurring 
in September 2008 reached 90°F and even above 100°F. These storms are removed from 
the analysis below, under the assumption of a faulty probe. This error showed itself 
prominently during the September 2008 storms, but concerns of the validity of the 
remaining dataset prompted the decision to remove the Porous Asphalt system from the 
full report. 
In an effort to locate the source of the error, two hypotheses were presented; the 
first that the temperature probe was faulty for just the September 2008 storms, and by the 
regular maintenance of the probes, was correctly recalibrated resulting in an errorless 
dataset. 
The second hypothesis is that the monitoring set up was at fault. The temperature 
probe for the effluent from the Porous Asphalt sits in the tee section of pipe just before 
the end of the outlet. The tee is positioned so that two of the arms are inline with the 
outlet pipe, and the third arm, pointing downward, acting as a sump. The tee section is 
used to create a permanent pool of water for the probes to sit in so that they do not dry 
out, which can cause malfunctions in the probes. 
Direction of Flow I l / To Outlet 
Tee-Section 
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The concern is that the low flows experienced within the Porous Asphalt effluent 
pipe are not large enough to mix the water properly. The tee section is exposed to the air, 
and as with the rest of the outlet pipe, is made of HDPE pipe, which is black. This 
exposure can add a great deal of thermal energy to the pool of water in the tee section. 
Therefore, if the flow through the effluent pipe is not large enough, then perhaps the 
readings of the effluent temperature for the Porous Asphalt system are not reflective of 
the system, but instead of the monitoring design. 
An experiment was conducted with a temperature probe placed approximately 7 
to 9 feet into the effluent pipe to demonstrate this monitoring issue. The data collected 
from the upstream probe appeared to be roughly similar to the data collected from the 
probe in the tee. However, this test was conducted in November; the air temperatures 
were not warm enough to address the concerns over the data. Further experiments, of the 
same sort as was done in November, or properly modified to describe the influence of the 
permanent pool of water on the temperature readings of the effluent flow from the Porous 
Asphalt, should be conducted in at least the warmer, summer months, if not for a 
continuous year. 
The Porous Asphalt data is presented here to show what the data collected 
indicates about the thermal performance of the system as a treatment of thermal pollution. 
The full report compares influent stormwater temperatures, measured at the distribution 
box, to effluent stormwater temperatures, measured at a sampling gallery. The Porous 
Asphalt does not receive influent stormwater from the distribution box. Instead, the 
Porous Asphalt is a hydrologically separate system from the others. The rain that falls on 
the Porous Asphalt goes filters into the sub-base of the Porous Asphalt and does not flow 
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to the distribution box. However, for the sake of consistency, the Porous Asphalt system 
is compared to the Runoff, but not an influent to effluent relationship. 
System Description 
Porous asphalt is an extremely effective approach to stormwater management. 
Unlike retention ponds, porous asphalt systems do not require large amounts of additional 
space. Rainfall drains through pavement and directly infiltrates the subsurface. This 
significantly reduces runoff volume and peak flows, decreases its summer temperature, 
improves water quality, and essentially eliminates the impervious surface. It also speeds 
snow and ice melt, reducing the salt required for winter maintenance. The porous asphalt 
design tested at UNHSC is distinctive in its use of coarse sand as a sub base filter course, 
a refinement that enhances its effectiveness in improving water quality. 
Installed in 2004, the lot was designed to manage the WQV, CPV, and the Q100. 
A gravel edge with curbing prevents water and sediment from washing onto the porous 
lot's surface and prematurely clogging the system. UNHSC's current design of the 
Porous Asphalt system consists of four layers. 
The top is a four-inch layer of porous asphalt. Sand particles smaller than two 
millimeters were removed from the mix to create pavement with an 18 to 20,percent void 
space. The second layer is a four-inch choker course consisting of 3/4 inch crushed 
stone, which allows runoff to pass into the next layer and offers structural support. The 
third layer consists of 24 inches of poorly graded sand, or "bank run gravel," which 
serves as a filter course. The fourth layer is 21 inches of crushed stone, with a six-inch 
diameter, elevated sub drain. This layer serves as an infiltration reservoir; its thickness 
protects against freezing and thawing, and makes it possible to locate this system in 
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group "C" soils (sandy clay loam with low infiltration rates). The system is lined on the 
bottom and sides with a non-woven geotextile fabric to prevent influx of fines. 
Time Series Analysis 
The data for the Porous Asphalt, while containing some large gaps, illustrated on 
the graph (Figure 36) as the longer than usual straight lines, still shows some obvious 
trends. The Porous Asphalt appears to diminish the peaks of the EMTs of the same 
storms from the Runoff data, indicating a moderation of the storm water temperature. The 
EMT also peaks during the summer months above the UOL of 65°F for coldwater 
streams. While the Porous Asphalt system appears to produce a "smoother" curve of 
EMTs, it should be noted that from this analysis, the data appears to be predominantly 
warmer than the data creating the Runoff curves. 
Annual Cumulative Distributions 
The cumulative distribution of the EMTs, displayed in Figure 37, is calculated as 
a nonexceedance probability of an EMT. The Porous Asphalt has cooler stormwater 
temperatures than the Runoff. This implies that the infiltration of the stormwater runoff 
into the Porous Asphalt sub base, is keeping the stormwater runoff closer to the average 
groundwater temperature (47°F) of New Hampshire, than the Runoff is able with its 
reinforced concrete pipes (RCPs). 
Seasonal Cumulative Distributions 
During the summer months, the Porous Asphalt exceeds the UOL only 39% of the 
time, while the Runoff system exceeds the UOL (65°F) 58% of the time, with neither 
system ever exceeding the Lethal Limit (LL) of 85°F. This exhibits the ability of the 
77 
Porous Asphalt system to maintain effluent temperatures below the UOL more 
consistently than the Runoff. 
The winter CDF shows that the Porous Asphalt has warmer EMTs than the 
Runoff system, indicating that the Porous Asphalt system is able to moderate the colder 
temperatures more effectively than the Runoff. Both the stormwater sewer system and 
the Porous Asphalt systems are deep systems, with smaller surface areas than the 
conventional systems. The stormwater sewer system is most likely larger in mass than 
the Porous Asphalt system, but because the Porous Asphalt system has a longer travel 
time, the system can moderate the temperatures longer than the Runoff is able. However, 
during the winter, a deicer is in place at the tee section to keep the probes from freezing, 
giving false temperature reading during the colder temperatures. 
Annual Ouartile Assessment 
Examination of the full data set shows the Porous Asphalt to have a lower median 
EMT of 48.9°F compared to the median Runoff EMT of 52.4°F. Although the Porous 
Asphalt EMTs has as much variability as the Runoff system, the data in Figure 38 shows 
that the Porous Asphalt has both a median and 25th percentile value pretty close to the 
Lower Optimum Limit (LOL) of 45°F and the average annual groundwater temperature 
of 47°F. The Porous Asphalt, median EMT, and the 25th percentile EMT at 44.1°F are 
closer together than the corresponding values of the Runoff shown in Table 22. This 
indicates, again, that the Porous Asphalt is more effectively bringing the stormwater 
runoff temperatures closer to that of the average annual groundwater temperature than the 
Runoff system. With coldwater streams often being fed by groundwater, this is an 
important variable to consider. 
78 
Seasonal Quartile Assessment 
During the summer months, the median EMT for the Porous Asphalt is 55.4°F, 
which falls in the optimum zone for coldwater streams. The Runoff data has a median 
EMT of 66.2°F, which brings it into the stress zone for coldwater streams. Both systems 
have their 25th percentile above the LOL, and stay within the optimum zone, but the 
Runoff has a 25' percentile value of 54.2°F, a value that is 6.2°F higher than the Porous 
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Asphalt's 25 percentile. These observations indicate that the Porous Asphalt is able to 
produce cooler EMTs more often than the Runoff. 
The winter quartile assessment shows that the Porous Asphalt has a median EMT 
of 46.4°F, a slightly higher value than the Runoff, which has an EMT of 42.5°F. 
Although the Porous Asphalt EMT is higher than the Runoff, it is above the LOL, while 
the Runoff system falls below the average groundwater of 47°F. The median winter 
EMT of the Porous Asphalt is also very close to the groundwater temperature. One 
observation of note that contradicts the previous statements of the Porous Asphalt being a 
generally cooler system is the maximum winter EMT is 68.8°F, which is above the UOL, 
and into the stress zone for coldwater streams. The Runoff system manages to keep, 
although only just, the EMT of the stormwater runoff from breaching that limit, with a 
maximum of 64.8°F. 
Frequency Distribution 
From the frequency distribution chart (Figure 39), the effluent flow from the 
Porous Asphalt has a large number of its temperatures between 45°F and 54°F. These 
temperatures fall within the optimum zone for coldwater streams. In contrast to the 
Porous Asphalt, the Runoff system has a large number of its effluent temperatures at 41°F 
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and 42°F, which are below the LOL. The Porous Asphalt generally has a lower number 
of effluent temperatures above the UOL of 65°F than the Runoff system. However, 
above 70°F, the Porous Asphalt experiences those temperatures more frequently than the 
Runoff. In addition to this spike of temperatures occurring at the higher end of the 
spectrum, there is a spike of temperatures occurring at 35°F in the Porous Asphalt. This 
spike can be attributed to the limit of the temperature of water itself. Water, freezing at 
32°F, does not flow, therefore the high count at 35°F in the Porous Asphalt is most likely 
the temperature at which, more consistently than the rest, and the stormwater is allowed 
to flow at during the winter months. In addition, this increase in frequencies of 
temperatures at the lower end can be attributed to the deicer present during the colder 
winter months. 
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Figure 36: Time Series Analysis 
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Figure 37: Cumulative Distribution 
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Figure 38: Box and Whisker 
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Figure 39: Frequency Distribution 
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Statistical Analyses 

















t Test: Runoff-PAS 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-3.7418 t Ratio 
0.0684 DF 
-3.6076 Prob > |t| 
-3.8759 Prob > t 





















Mean Square F Ratio Prob > F 
25750.7 2991.493 0.0000* 
8.6 
















Std Error uses a pooled estimate of error variance 



































2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
4200.5 -0.62465 0.5322 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.3923 1 0.5311 
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2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
628.5 -0.21515 0.8297 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.0491 1 0.8247 
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2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1836 1.42881 0.1531 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
2.0525 1 0.1520 
Porous Asphalt (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.082976 D 0.181373 
KSa 1.085049 Pr>KSa 0.1897 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
40 50 60 70 
EMT 
i System Runoff PAS : 
Porous Asphalt (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smimov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 












Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.126112 D 0.301217 
KSa 1.092163 Pr>KSa 0.1839 
Empirical Distribution Function Plot for EMT Classified by System 
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Pr>KSa Q.1839 
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Porous Asphalt (Winter) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 












Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.137035 D 0.286528 
KSa 1.342660 Pr>KSa 0.0543 
Empirical Distribution Function Plot for EMT Classified by System 
















STORM DISTRIBUTION STATISTICS 
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Linear Fit: Y = 8.1 + 0.29X 
Summary of Fit 
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Prob > F 
0.2417 
Parameter Estimates 
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Linear Fit: Y = 23.8 + 0.14X 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 


























Prob > F 
0.6117 
Parameter Estimates 












STORM CHARACTERISTIC STATISTICS 
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Bivariate Fit of EMT By Storm Duration Season=Summer 
-Linear Fit 
Linear Fit: EMT = 64.366951 - 0.0006599*Storm Duration 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 
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-Linear Fit I 
Linear Fit: EMT = 60.741892 + 26.114865*Peak Intensity 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 




















C. Total 57 













Estimate Std Error t Ratio 
60.741892 1.749546 34.72 
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Linear Fit: EMT = 64.110373 -1.3406608*Rainfall 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 
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- Linear Fit I 
Linear Fit: EMT = 4.807992 + 0.8613772*Peak Temperature 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 
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-Linear Fit I 
Linear Fit: EMT = 46.589619 - 0.0005602*Storm Duration 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 






















































Bivariate Fit of EMT By Peak Intensity Season=Winter 
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Peak Intensity 
-Linear Fit I 
Linear Fit: EMT = 44.979622 + 2.5365977*Peak Intensity 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 




















C. Total 61 













Estimate Std Error t Ratio 
44.979622 1.326939 33.90 































-L inear Fit 
Linear Fit: EMT = 42.656314 + 3.175345l*Rainfall 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 






















































Bivariate Fit of EMT By Peak Temperature Season=Winter 
-Linear Fit I 
Linear Fit: EMT = -8.72192 + 1.0541914*Peak Temperature 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Lack Of Fit 
Source DF Sum of 
Squares 
Mean Square F Ratio 











































t Ratio Prob>|t| 
-3.08 0.0031* 
19.22 <.0001* 
Response EMT Season=Summer 
Whole Model 
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Prob > F 
<.0001* 
Parameter Estimates 



























Response EMT Season=Winter 
Whole Model 













^ 4 5 -




*'\tr - ' 
• - > > ' 
yC 
• V^v' '* "'' 
i i i i i i 
30 35 40 45 50 55 60 









— i — • — i — • — i — • — r 








_ l <n 











—\ 1 1 1 1 1 r— 







- 1 1 1 1 1 1 r— 
35 40 45 50 55 60 65 70 75 
Peak Temperature 
Leverage, P<.0001 





30 35 40 45 50 55 60 65 
EMT Predicted 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 


























Prob > F 
<.0001* 
Parameter Estimates 




























MEAN JULY STATISTICS 
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Retention Pond 








Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 






t Test: Runoff-Retention Pond 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-10.802 t Ratio 
0.105 DF 
-10.596 Prob > |t| 
-11.007 Prob>t 

























Prob > F 
0.0000* 
















Std Error uses a pooled estimate of error variance 
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Detention Pond 












Detention Pond ' Runoff 
System 
t Test: Runoff-Detention Pond 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-5.1439 t Ratio 
0.0761 DF 
-4.9947 Prob > |t| 
-5.2931 Prob>t 
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Std Error uses a pooled estimate of error variance 
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Gravel Wetland 











a. -E 67-^  
H -. 
64: 






t Test: Runoff-Gravel Wetland 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
1.06379 t Ratio 
0.07451 DF 
1.20985 Prob> |t| 
0.91774 Prob>t 

























Prob > F 
<.0001* 
















Std Error uses a pooled estimate of error variance 
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Bioretention 









S 70 : 
a) -|- 67; 
H 6 4 = 





Bioretention ' Runoff 
System 
t Test: Runoff-Bioretention 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-0.59902 t Ratio 
0.07659 DF 
-0.44889 Prob > |t| 
-0.74916 Prob>t 






,.J\ i r i r 
-0.8-0.6-0.4-0.2 0 
I... r i i i 
0 0.2 0.4 0.6 0.£ 



















Prob > F 
<.0001* 



















Std Error uses a pooled estimate of error variance 
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Vegetated Swale 





















Runoff ' Vegetated 
System 
t Test: Vegetated Swale-Runoff 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
3.21515 t Ratio 
0.09022 DF 
3.39201 Prob > |t| 
3.03830 Prob > t 







i i i i 
-4 -3 -2 -1 ( 
L . i . i i i i 





















Prob > F 
<.0001* 
















Std Error uses a pooled estimate of error variance 
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Hydrodynamic Separators 





















t Test: Runoff-HDS 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-2.7229 t Ratio 
0.0752 DF 
-2.5755 Prob > |t| 
-2.8702 Prob > t 




















Mean Square F Ratio Prob > F 
12797.1 1311.922 <.0001* 
9.8 


















Std Error uses a pooled estimate of error variance 
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ADS Infiltration System 
Mean July Temperatures 
83: 
80 j 
£ 7 7 = 
a, 74j 
1 71 = 
£ 6 8 = 
E : £ 65: 
62; 
59] 
ADS ' Runoff 
System 
t Test: Runoff-ADS 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
3.63832 t Ratio 
0.09662 DF 
3.82772 Prob > |t| 
3.44891 Prob > t 







i i i i 
-4 -3 -2 -1 C 
L.i. i i I I 
















Mean Square F Ratio Prob > F 
15173.0 1418.030 <.0001* 
10.7 


















Std Error uses a pooled estimate of error variance 
114 
StormTech Isolator Row 



































Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 






t Test: STIR-Runoff 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-8.6260 t Ratio 
0.1752 DF 
-8.2825 Prob > |t| 
-8.9696 Prob > t 












































Std Error uses a pooled estimate of error variance 
115 
College Brook (d/s) vs. Wednesday Hill Brook 












H 6 1 ; 
59 : 
5 7 '•_ 
55 : 






loot Mean Square Error 
vlean of Response 






t Test: Wednesday-DMP 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-6.1699 t Ratio 
0.0711 DF 
-6.0305 Prob > |t| 
-6.3093 Prob > t 





































Std Error Lower 95% 
0.03803 67.252 
0.06011 61.039 





Std Error uses a pooled estimate of error variance 
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Detention Pond vs. College Brook (d/s) 




t r 7 5 : 
r73^ 3 71 -. 
2 R Q : 
£ 65-
63j 
6 1 : 
59 : 
Detention Pond' DMP 
System 
t Test: DMP-Detention Pond 
Assuming equal variances 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-4.9005 t Ratio 
0.0663 DF 
-4.7705 Prob > |t| 
-5.0306 Prob>t 











































Std Error uses a pooled estimate of error variance 
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Detention Pond vs. Wednesday Hill Brook 









*~ 61 = 
58] 
55^ 5 
Detention Pond ' Wednesday 
System 
t Test: Wednesday-Detention Pond 
Assuming equal variances 
Oneway Anova 
Summary of Fit 
Rsquare 
Adj Rsquare 
Root Mean Square Error 
Mean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
A 
1 • 1 • 1 
-10 -5 C 









-11.070 t Ratio 
0.079 DF 
-10.916 Prob > |t| 
-11.224 Prob>t 
0.95 Prob < t 
• 1 1 1 1 































Std Error uses a pooled estimate of error variance 
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Gravel Wetland vs. College Brook (d/s) 










DMP Gravel Wetland 
System 
Summary of Fit 
Isquare 
. \dj Rsquare 
loot Mean Square Error 
vlean of Response 






t Test: Gravel Wetland-DMP 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-1.3072 t Ratio 
0.0628 DF 
-1.1842 Prob > |t| 
-1.4302 Prob>t 






r^<—i—•—i—• I ' ' — i — • — r 
-1.5 -1.0 -0.5 0.0 0.5 1.0 1. 





































Std Error uses a pooled estimate of error variance 
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Gravel Wetland vs. Wednesday Hill Brook 






2. 6 3 : 




Gravel Wetland ' Wednesday 
System 
Oneway Anova 
Nummary of Fit 
Isquare 0.30303 
\dj Rsquare 0.302947 
loot Mean Square Error 3.522397 
vlean of Response 64.3083 
Dbservations (or Sum Wgts) 8456 
t Test: Wednesday-Gravel Wetland 
Assuming equal variances 
Difference -4.8627 t Ratio 
Std Err Dif 0.0802 DF 
Upper CL Dif -4.7055 Prob > |t| 
Lower CL Dif -5.0200 Prob > t 
Confidence 0.95 Prob < t 
, 
-6 -5 -4 -3 -2 -1 C 3 1 2 3 4 5 6 



















Prob > F 
0.0000* 


























Vegetated Swale vs. College Brook Cd/s) 














I Summary of Fit 
DMP Vegetat 
System 
t Test: Vegetated Swale-DMP 
Assuming equal variances 
Isquare 
^dj Rsquare 
loot Mean Square Error 
vlean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
2.97177 t Ratio 
0.08401 DF 
3.13645 Prob > |t| 
2.80709 Prob > t 













































Std Error uses a pooled estimate of error variance 
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Vegetated Swale vs. Wednesday Hill Brook 











Vegetated Swale Wednesday 
System 
t Test: Wednesday-Vegetated Swale 
Assuming equal variances 
Nummary of Fit 
Isquare 
Vdj Rsquare 
loot Mean Square Error 
vlean of Response 







Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-9.1417 t Ratio 
0.0838 DF 
-8.9774 Prob > |t| 
-9.3060 Prob > t 

























Prob > F 
0.0000* 
















Std Error uses a pooled estimate of error variance 
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StormTech Isolator Row vs. College Brook (d/s) 





















loot Mean Square Error 
vlean of Response 






t Test: STIR-DMP 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
-8.8694 t Ratio 
0.1661 DF 
-8.5439 Prob > |t| 
-9.1949 Prob>t 





















Mean i Square F Ratio Prob > F 
31485.0 2853.021 0.0000* 
11.0 


















Std Error uses a pooled estimate of error variance 
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StormTech Isolator Row vs. Wednesday Hill Brook 









55- STIR Wednesday 
System 
I Summary of Fit 
'. Isquare 
. \dj Rsquare 
loot Mean Square Error 
vlean of Response 






t Test: Wednesday-STIR 
Assuming equal variances 
Difference 
Std Err Dif 
Upper CL Dif 
Lower CL Dif 
Confidence 
2.69951 t Ratio 
0.15723 DF 
3.00778 Prob > |t| 
2.39123 Prob>t 

























Prob > F 
<.0001* 


















Std Error uses a pooled estimate of error variance 
124 
APPENDIX F 
MEDIAN EMT STATISTICS 
(ANNUAL, SUMMER, WINTER) 
125 
Retention Pond (Annual) 
Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
4492.5 -1.47067 0.1414 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
2.1676 1 0.1410 
126 


























Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
4512.5 -0.68966 0.4904 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.4779 1 0.4894 






































2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
9923 -3.03932 0.0024* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 


































Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean (Mean-
Mean0)/Std0 
Bioretention 83 8027.50 96.717 -1.064 
Runoff 120 12678.5 105.654 1.064 
2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
8027.5 -1.06446 0.2871 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prot»ChiSq 
1.1357 1 Oi2866 






























Wilcoxon / Kruskal-Wallis Tests 
Level Count 
Runoff 120 












2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
5992 0.57422 0:5658 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.3314 1 0.5648 
130 
Hydrodynamic Separators (Annual) 
Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean 
HDS 82 8409.50 102.555 





2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
8409.5 0.21079 0.8331 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.0450 1 0.8321 
ADS Infiltration System (Annual) 
80-
70-


































2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
2354.5 -0.82511 0.4093 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.6845 1 0.4081 
StormTech Isolator Row (Annual) 
Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean 
Runoff 120 11221.0 93.5083 





2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
4179 -2.12300 0.0338* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
4.5140 1 0.0336* 

















Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
1135.5 -0.23602 0.8134 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.0580 1 0.8098 






















Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
1093.5 1.57132 0.1161 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
2.4855 1 0.1149 












35 Gravel Wetland Runoff 
System 
Wilcoxon / Kruskal-Wallis Tests 
Level Count 
Gravel Wetland 48 
Runoff 58 











2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
2089.5 -3.03406 0.0024* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
9.2248 1 b!)024* 
Bioretention (Summer) 
Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean 
Bioretention 44 2072.00 47.0909 





2-Sample Test, Normal Approximation 
S Z Prot»|Z| 
2072 -1.30752 0.1910 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
1.7185 1 0 1899 
























Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum 
Runoff 58 2378.50 








2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1276.5 1.08566 0.2776 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
1.1889 1 0.2755 
























Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean 
HDS 43 2264.00 52.6512 





2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
2264 0.48425 0.6282 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.2378 1 0.6258 
ADS Infiltration System (Summer) 
80 
75- ; 
70 - i 
65- ; ! 




50- . j 






















2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
382 -2.85627 0.0043* 





StormTech Isolator Row (Summer) 














2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
803 -4.25473 <.0001* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
18.1410 1 <.0001* 


































Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1028.5 -2.59802 0.0094* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
6.7719 1 0.0093* 






































Wilcoxon / Kruskal-Wallis Tests 
Level Count 













2-S ample Test, Normal Approximation 
S Z Prob>|Z| 
1200 -2.09059 0.0366* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
4.3876 1 0.0362* 
















































2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
2623.5 -2.96139 0.0031* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 





































Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean (Mean-
MeanOyStdO 
Bioretention 39 1641.50 42.0897 -2.421 
Runoff 62 3509.50 56.6048 2.421 
2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1641.5 -2.42061 0.0155* 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
5.8762 1 0.0153* 













































Wilcoxon / Kruskal-Wallis Tests 
Level Count 
Runoff 62 












2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1890.5 0.79594 14261 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.6394 1 0.4239 
























Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean (Mean-
MeanOyStdO 
HDS 39 1818.50 46.6282 -1.186 
Runoff 62 3332.50 53.7500 1.186 
2-Sample Test, Normal Approximation 
S Z Prob>|Z] 
1818.5 -1.18586 0.2357 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
1.4146 1 0.2343 
ADS Infiltration System (Winter) 
60-
55-




































2-Sample Test, Normal Approximation 
S Z Prot»|Z| 
778 1.16321 0.2447 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
1.3670 1 0 2423 


























Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Score Mean (Mean-
MeanOyStdO 
Runoff 62 2786.00 44.9355 0.242 
STIR 26 1130.00 43.4615 -0.242 
2-Sample Test, Normal Approximation 
S Z Prob>|Z| 
1130 -0.24238 0.8085 
1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 
0.0610 1 0.8049 
APPENDIX G 
SYSTEM CDF STATISTICS 
(ANNUAL, SUMMER, WINTER) 
150 
Retention Pond (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smimov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
Runoff 120 







Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.084837 D 0.182143 
KSa 1.125487 Pr>KSa 0.1587 
Empirical DistributionFunction Plot for EMT Classified 












r* r-T* 1 1 
r — ' r " 
r ^^ 
_ . J ~ 
^j^ 
7 
, H 1 
ELi—' 
Pr>KSa 0.1587 
30 40 50 60 
EMT 
System Runoff Retentio 
70 80 
151 
Detention Pond (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.088243 D 0.190741 
KSa 1.164009 Pr>KSa 0.1331 
Empirical Distribution Function Plot for EMT Classified by System 








30 40 50 60 
EMT 





Gravel Wetland (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.105045 D 0.210784 
KSa 1.565138 Pr>KSa 0.0149 
Empirical Distribution Function Plot for EMT Classified by System 











30 40 50 60 70 
EMT 
System Runoff Gravel 
Bioretention (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.075669 D 0.153916 
KSa 1.078113 Pr>KSa 0.1955 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
!Pr»KSa 0.1955 
30 40 50 60 70 
EMT 
I System Runoff Bioreten i 
1 
Vegetated Swale (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.039405 D 0.082937 
KSa 0.533066 Pr>KSa 0.9388 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
Pr>KSa 0.9388 
40 50 60 70 
EMT 
! System Runoff Swale 
Hydrodynamic Separators (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.045614 D 0.092886 
KSa 0.648295 Pr>KSa 0.7946 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
40 50 60 70 
EMT 
System Runoff — — —HDS
 ; 
ADS Infiltration System (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.098462 D 0.239394 
KSa 1.217910 Pr>KSa 0.1029 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
40 50 60 70 
EMT 
; System Runoff ADS \ 
StormTech Isolator Row (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.130829 D 0.281818 
KSa 1.730701 Pr>KSa 0.0050 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
40 50 60 70 
EMT 
[System Runoff H ' l T H STIR I 
1 
Retention Pond (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
Runoff 58 








Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.088593 D 0.190294 
KSa 0.816791 Pr>KSa 0.5171 
Empirical Distribution Function Plot for EMT Classified by System 
























^ r J 
J r 












Detention Pond (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
Runoff 58 







Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.107489 D 0.238381 
KSa 0.967401 Pr>KSa 0.3066 
Empirical Distribution Function Plot for EMT Classified by System 








0 . 0 -



























Gravel Wetland (Summer) 
Kolmogorov-Smirnov Test 


















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.156984 D 0.315374 
KSa 1.616244 Pr>KSa 0.0108 
Empirical Distribution Function Plot for EMT Classified by System 











40 50 60 70 
EMT 
System Runoff Gravel'! 
C Z J :Pr>KSa 0.0108 
Bioretention (Summer) 
Kolmogorov-Smirnov Test 


















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.095483 D 0.192790 
KSa 0.964328 Pr>KSa0.3102 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
:Pr»KSa 0.3102 
40 50 60 70 
EMT 
System Runoff Bioreten 
Vegetated Swale (Summer) 
Kolmogorov-Smirnov Test 


















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.098107 D 0.210728 
KSa 0.904500 Pr>KSa 0.3865 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
;Pr>KSa 0.3865 
— I 1 f i 
40 50 60 70 
EMT 
(System Runoff Swale1 
Hydrodynamic Separators (Summer) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.064037 D 0.129511 
KSa 0.643567 Pr>KSa 0.8019 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
1.0 
0.8 










40 50 60 70 
EMT 
System —^ Runoff HDS i 
Pr>KSa Q.8019 : 
ADS Infiltration System (Summer) 
Kolmogorov-Smirnov Test 


















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.201396 D 0.489224 
KSa 1.732471 Pr>KSa 0.0049 
Empirical Distribution Function Plot for EMT Classified by System 












40 50 60 70 
EMT 
[ S y s t e m R u n o f f — — — AD S I 
Prs-KSa 0.0049 
StormTech Isolator Row (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 












Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.268213 D 0.568966 
KSa 2.501724 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
c 
o 





0 . 8 -
0 . 6 -
0.4 -
0? 


















|Pr>KSa <.0001 | 
70 
STIR 
Retention Pond (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.163788 D 0.351502 
KSa 1.562433 Pr>KSa 0.0152 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
30 40 50 60 
EMT 
System Runoff Retentio 
167 
Detention Pond (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.152066 D 0.322581 
KSa 1.466471 Pr>KSa 0.0271 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
iPr>KSa 0.0271 
30 40 50 60 
EMT 
System Runoff Detention 
Gravel Wetland (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.187426 D 0.375747 
KSa 2.018640 Pr>KSa 0.0006 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
30 40 50 60 
EMT 
System Runoff Gravel 
Bioretention (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.166516 D 0.342018 
KSa 1.673465 Pr>KSa 0.0074 
Empirical Distribution Function Plot for EMT Classified by System 









30 40 50 60 
EMT 
! System Runoff — Bioreten 
Vegetated Swale (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.065660 D 0.136201 
KSa 0.650000 Pr>KSa 0.7920 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
;Pr>KSa 0.7920 
40 50 60 
EMT 
; System Runoff Swale 
Hydrodynamic Separators (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.111548 D 0.229115 
KSa 1.121040 Pr>KSa 0.1619 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
40 50 60 
EMT 
I System Runoff I T H ' I I RDS ; 
ADS Infiltration System (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.152451 D 0.370968 
KSa 1.355011 Pr>KSa 0.0508 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
1.D 
0 . 8 -
















StormTech Isolator Row (Winter) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.102457 D 0.224566 
KSa 0.961136 Pr>KSa 0.3140 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
:Pr»KSa 0.3140 
40 50 60 
EMT 
; System — — — Runoff — — — STIR i 
1 
College Brook (d/s) vs. Wednesday Hill Brook (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
DMP 86056 0.6764 
Wednesday 44539 0.89362 
Total 130595 0.75048 
-21.733 
30.2088 
Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.102978 D 0.217225 
KSa 37.214008 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
I 
Q_ 
















College Brook (d/s) vs. Wednesday Hill Brook (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
DMP 42900 0.36981 -23.138 
Wednesday 17068 0.7623 36.6824 
Total 59968 0.48152 
Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.177104 D 0.392490 
KSa 43.369958 Pr>KSa <.00Q1 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
1.0 
0.8 









40 50 60 70 80 
EMT 
System DMP Wednesday 
Detention Pond vs College Brook (d/s) Annual 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
"KS 0.004312 D 0.172226 
KSa 1.265200 Pr>KSa 0.0814 
Empirical Distribution Function Plot for EMT Classified by System 

















Detention Pond vs. College Brook (d/s) (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.010340 D 0.446794 
KSa 2.142176 Pr>KSa 0.0002 
Empirical Distribution Function Plot for EMT Classified by System 
























Pr>KSa 0.0002 j 
80 
Detention Pond vs. Wednesday Hill Brook (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.009774 D 0.281051 
KSa 2.064045 Pr> KSa 0.0004 
Empirical Distribution Function Plot for EMT Classified by System 













Pr > KSa 0.0004 I 
70 80 90 
Wednesda 
Detention Pond vs. Wednesday Hill Brook (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.024587 D 0.670693 
KSa 3.214366 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 

















Gravel Wetland vs. College Brook (d/s) (Annual) 
Kolmogorov-Smirnov Test 





EDF at Deviation from Mean 




Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.004054 D 0.118195 
KSa 1.683029 Pr>KSa 0.0069 
Empirical Distribution Function Plot for EMT Classified by System 






0.0 Pr>KSa D.0069 
30 40 50 60 70 80 
EMT 
System Gravel DMP 
Gravel Wetland vs. College Brook (d/s) (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 












Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.006955 D 0.208159 
KSa 1.441358 Pr>KSa 0.0314 
Empirical Distribution Function Plot for EMT Classified by System 
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Gravel Wetland vs. Wednesday Hill Brook (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
Gravel 102 0.13725 -1.6029 
Wednesday 44539 0.29632 0.07671 
Total 44641 0.29596 
Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.007595 D 0.159070 
KSa 1.604688 Pr>KSa 0.0116 
Empirical Distribution Function Plot for EMT Classified by 
Empirical Distribution for EMT 
1.0 
0.8 -










i ! ! : i i 1 
30 40 50 60 70 80 90 
EMT 
[ System Gravel Wednesda 
Pr>KSa 0.0116! 
Gravel Wetland vs. Wednesday Hill Brook (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.014973 D 0.283137 
KSa 1.958879 Pr>KSa 0.0009 
Empirical Distribution Function Plot for EMT Classified by System 












Pr>KSa 0.0009 ; 
70 
Wednesda 
Vegetated Swale vs. College Brook (d/s) (Annual) 
Kolmogorov-Smirnov Test 

















Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.005592 D 0.206808 
KSa 1.640887 Pr>KSa 0.0092 
Empirical Distribution Function Plot for EMT Classified by System 
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Vegetated Swale vs. College Brook (d/s) (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.010644 D 0.424553 
KSa 2.205349 Pr>KSa 0.0001 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
1.0 -
0.8 -
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Vegetated Swale vs. Wednesday Hill Brook (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smimov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.012230 D 0.325627 
KSa 2.582756 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 



















Vegetated Swale vs. Wednesday Hill Brook (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 












Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.025573 D 0.643977 
KSa 3.343562 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 
















StormTech Isolator Row vs. College Brook (d/s) (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.006939 D 0.274666 
KSa 2.036330 Pr>KSa 0.0005 
Empirical Distribution Function Plot for EMT Classified by System 


















StormTech Isolator Row vs. College Brook (d/s) (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 
Maximum at Maximum 
STIR 29 0.7931 
DMP 42900 0.33737 
Total 42929 0.33767 
2.45256 
-0.0638 
Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
~KS 0.011841 D 0.455737 
KSa 2.453392 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 
Empirical Distribution for EMT 
1.0 
0.8 













StormTech Isolator Row vs. Wednesday Hill Brook (Annual) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.011754 D 0.334898 
KSa 2.482134 Pr>KSa <.0001 
Empirical Distribution Function Plot for EMT Classified by System 
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EMT 




StormTech Isolator Row vs. Wednesday Hill Brook (Summer) 
Kolmogorov-Smirnov Test 
Kolmogorov-Smirnov Test for Variable EMT Classified by Variable System 
System N EDF at Deviation from Mean 









Kolmogorov-Smirnov Two-Sample Statistics 
Kolmogorov-Smirnov 2-Sample Test (Asymptotic) 
KS 0.009954 D 0.241886 
KSa 1.301493 Pr>KSa 0.0676 
Empirical Distribution Function Plot for EMT Classified by System 
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65 70 75 
Linear Fit: Retention Pond = -10.23365 + 1.1738466*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
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Linear Fit: Detention Pond = -3.631256 + 1.044837*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 








































Bivariate Fit of Gravel Wetland By Runoff (Annual) 
-Linear Fit 
Linear Fit: Gravel Wetland = 0.8089851 + 0.9184349*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
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Linear Fit: Bioretention = 0.1509641 + 0.9629206*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 























































3 0 - | 1 1 1 1 1 1 < 1 1 1 
30 40 50 60 70 80 
Runoff 
| Linear Fit j 
Linear Fit: Vegetated Swale = 4.3812395 + 0.9210901 *Runoff 
Summary of Fit 
RSquare 0.985943 
RSquareAdj 0.985712 
Root Mean Square Error 1.503185 
Mean of Response 54.78095 
Observations (or Sum Wgts) 63 





































Bivariate Fit of HDS By Runoff (Annual) 
-Linear Fit 
Linear Fit: HDS = 0.2914269 + 0.9874263 *Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 







































Bivariate Fit of ADS By Runoff (Annual) 
L E3 
Linear Fit: ADS = 10.119814 + 0.785959*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 







































Bivariate Fit of STIR By Runoff (Annual) 
L -Linear Fit I 
Linear Fit: STIR = 16.622529 + 0.6496884*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 












































































-Linear Fit I 
Linear Fit: Retention Pond = 5.1139311 + 0.9543647*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 

































































1 1 1 
55 60 65 
Runoff 
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Linear Fit: Detention Pond = 8.5917393 + 0.8731744*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
























































I I I I I I I I I I 
35 40 45 50 55 60 65 70 75 80 
Runoff 
| ———Linear Fit | 
Linear Fit: Gravel Wetland = 1.5244308 + 0.9101106*Runoff 
Summary of Fit 
RSquare 0.85045 
RSquareAdj 0.847199 
Root Mean Square Error 3.931838 
Mean of Response 57.31042 
Observations (or Sum Wgts) 48 



















Prob > F 
<.0001* 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 1.5244308 3.495545 0.44 0.6648 
Slope 0.9101106 0.056271 16.17 <.00Q1* 
Bivariate Fit of Bioretention By Runoff (Summer) 
35 
— I 1 1 1 1 1 1 1 — 
35 40 45 50 55 60 65 70 75 80 
Runoff 
-Linear Fit 
Linear Fit: Bioretention = 9.058345 + 0.8309381 *Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 








































Bivariate Fit of Vegetated Swale By Runoff (Summer) 
| ———Linear Fit | 
Linear Fit: Vegetated Swale = 4.4954229 + 0.9219298*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 






Analysis of Variance 
Source DF Sum of Mean Square 
Squares 
Model 1 1312.8238 
Error 26 94.5630 

































40 45 50 55 60 65 70 75 80 
Runoff 
| Linear Fit | 
Linear Fit: HDS = -0.051621 + 0.9923862*Runoff 
Summary of Fit 
RSquare 0.856128 
RSquareAdj 0.852618 
Root Mean Square Error 3.486735 
Mean of Response 63.84651 
Observations (or Sum Wgts) 43 



















Prob > F 
<.0001* 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept -0.051621 4.125283 -0.01 0.9901 
Slope 0.9923862 0.063534 15.62 <.00Q1* 
Bivariate Fit of ADS By Runoff (Summer) 
ES 
Linear Fit: ADS = 2.4593616 + 0.8915634*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 








































Bivariate Fit of STIR By Runoff (Summer) 
35 
~1 1 1 1 1 1 1 1— 
35 40 45 50 55 60 65 70 75 80 
Runoff 
C 
Linear Fit: STIR = 16.080377 + 0.6261935*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 

























Prob > F 
<.0001* 
Parameter Estimates 











Bivariate Fit of Retention Pond By Runoff (Winter) 
C -Linear Fit I 
Linear Fit: Retention Pond = -6.116877 + 1.0504775*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 


























Prob > F 
<.0001* 
Parameter Estimates 
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55 60 65 
| - — L i n e a r Fit I 
Linear Fit: Detention Pond = -1.467563 + 0.98103 86*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 









































Bivariate Fit of Gravel Wetland By Runoff (Winter) 
I Linear Fit I 
Linear Fit: Gravel Wetland = 2.19138 + 0.8828414*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 









































Bivariate Fit of Bioretention By Runoff (Winter) 
- L i n e a r F i t 
Linear Fit: Bioretention = -0.32904 + 0.9578798*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 







































Bivariate Fit of Vegetated Swale By Runoff (Winter) 
-Linear Fit I 
Linear Fit: Vegetated Swale = 5.4855815 + 0.8943165*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 

























Prob > F 
<.0001* 
Parameter Estimates 









Bivariate Fit of HDS By Runoff (Winter) 
-Linear Fit 
Linear Fit: HDS = 0.2275004 + 0.989491 l*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 







































Bivariate Fit of ADS By Runoff (Winter) 
| Linear Fit] 
Linear Fit: ADS = 4.0369877 + 0.9469687*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 









































Bivariate Fit of STIR By Runoff (Winter) 
: -Linear Fit I 
Linear Fit: STIR = 7.6352601 + 0.8830669*Runoff 
Summary of Fit 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 
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Calculating an Event Mean Temperature for a Single Storm 
The event mean temperature is congruous to the event mean concentration calculated 
for other stormwater pollutants. To calculate this metric each storm is separated from the 
database with the data for the time, flow, and temperature. The data is compiled into 5-
minute intervals, so for each 5-minute interval, a volume, and a volume-temperature 
value was calculated. 
The Volume Equation below is the method used to calculate the 5-minute volume 
values. It is the value of the following time stamp subtracted by the value of the current 
time stamp, multiplied by the correction value of 1,440 minutes per day to convert the 
time into the correct unit of minutes. That is then multiplied by the average of the two 
corresponding flow values of the time stamps. This process is repeated for the entirety of 
the storm duration, and then the values are summed together for a total storm volume. 
The 5-minute volume-temperature value is calculated by multiplying the 5-minute 
volume value with the average of the 5-minute temperature values. This again, is done 
for the entirety of the storm duration and the values summed together for a total storm 
volume-temperature value. 
Then using the total volume value, and the total volume-temperature value, an EMT 
is calculated using the Tabular Equation below. The resulting EMT has units of 
Fahrenheit, but is now weighted by the flow through the system. Table 1 shows the 
steps, as they would appear in the data analysis files created to calculate EMTs for each 
storm. 





















=Volume * [(21+22)/2] 
^Volume * [(22+23)/2] 










X Vol * Temp 
YJol 
Volume Equation: 
F = 1440x( / ( + i- t)x Z-<i *£i+\ 
EMT = Event Mean Temperature (°F) 
T = Flow Duration (min) 
t(t) = Flow Temperature (°F) 
q(t) = Flow (gpm) 
EMT = Event Mean Temperature (°F) 
Vol = 5-min Flow Volume (gal) 
Temp = 5-min Flow Temperature (°F) 
V = Flow Volume (gal) 
t = time (day) 
Q = Flow (gpm) 
